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Abstract
Using the (nearly) Ricci-flat Swiss-Cheese metric of [1], in the context of a mobile space-time
filling D3-brane restricted to a nearly special Lagrangian sub-manifold (in the large volume limit,
the pull-back of the Ka¨hler form close to zero and the real part of the pull-back of e−iθ, θ = π2 times
the nowhere-vanishing holomorphic three-form providing the volume form on the three-cycle) of the
“big” divisor with (fluxed stacks of) space-time filling D7-branes also wrapping the “big” divisor
(corresponding to a local minimum), we provide an explicit identification of the electron and the
u-quark, as well as their SU(2)L-singlet cousins, with fermionic super-partners of four Wilson line
moduli; their superpartners turn out to be very heavy, the Higgsino-mass parameter turns out to
be large, one obtains one light (with a mass of 125 GeV ) and one heavy Higgs and the gluino is long
lived (from a collider point of view) providing a possible realization of “µ-Split Supersymmetry”. By
explicitly calculating the lifetimes of decays of the co-NLSPs - the first generation squark/slepton
and a neutralino - to the LSP - the gravitino - as well as gravitino decays, we verify that BBN
constraints relevant to the former as well as the requirement of the latter to be (more than) the age
of the universe, are satisfied. For the purpose of calculation of the gravitino relic density in terms
of the neutralino/slepton relic density, we evaluate the latter by evaluating the netralino/slepton
(co-)annihilation cross sections and hence show that the former satisfies the requirement for a Dark
Matter candidate.
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1 Introduction
It is challenging to provide a suitable choice of vacuum (local minimum) of string theory to infer
various cosmological and phenomenological issues, and other fundamental physics. One of the most
exciting unresolved issues in particle physics and cosmology is the nature of dark matter (DM) in the
Universe. Over the years, astronomical and cosmological observations have put significant constraints
on its expected properties. The recent Wilkinson Microwave Anisotropy Probe ( WMAP) observations
provide the relic abundance of a cold dark matter (CDM) [2] to be ΩCDMh
2 = 0.1109 ± 0.0056.
Theoretical status of DM generally emerges in the context of theories beyond Standard Model. It is
well known that supersymmetric models with conserved R-parity contain one stable neutralino which
is a candidate for cold dark matter. However, in models coupled to gravity and even in other scenarios
of supersymmetry breaking mediation including gauge mediation, the gravitino ( the supersymmetric
partner of Graviton) stands out as probably the most natural and attractive candidate for the LSP
and DM although it generically suffers from a well-known “cosmological gravitino problem” [3] the
resolution of which depends on whether one considers gravitino to be LSP or unstable particle. The
long-lived gravitino’s are generated in the early Universe. In the standard big-bang cosmology, they
were in thermal equilibrium and then because of their weak gravitational interactions, frozen out
while they were relativistic. In this case their abundance might overclose the Universe. Even if
during inflationary epoch of the universe, primordial abundance of gravitino is completely diluted, the
problem can not be solved because gravitinos are regenerated in the thermal bath after the reheating
if the reheating temperature is high enough though overclosure of universe by dark matter constrain
the exact value of reheating temperature [4, 5, 6]. However, in addition to it, the production of
gravitino also depends on non- thermal production mechanism, the abundance of which is independent
of the reheating temperature. i.e Ωtotal3/2 = Ω
th
3/2 + Ω
NLSP
3/2 . Generically in case of heavy gravitino, re-
heating temperature is low enough to produce appropriate abundance of Gravitino. Therefore sufficient
number of gravitinos can be produced after NLSP decays to gravitino after its decoupling from the
thermal plasma [7]. In other words, annihilation density does not depend on freeze out of gravitino
(which causes a gravitino problem), instead depends on freeze out of NLSP. Hence relic density of
gravitino is given by relic density of NLSP [7, 8] according to the relation ΩG˜ =
m3/2
mG˜
Ω3/2. Therefore
it is interesting to study the thermal cross-section and hence relic density of the (co-)NLSP(s) to get
the the right order of relic density of gravitino.
In spirit of above discussion, the purpose of present work is to give the signatures of gravitino as
a potential dark matter in the context of the large volume limit of type IIB (“big divisor”) D3/D7
Swiss cheese phenomenology. The consistent compactification scheme and phenomenological features
of the model were initiated in [9, 10] and “µ split-SUSY scenario”-like realization of the same was
shown to be possible to be realized in [11] where in addition to getting one light Higgs (one of the
primary motivation of µ split SUSY Scenario), we evaluated the life time of gluino which came out to
be long and hence satisfied one of the important phenomenological features of µ split-SUSY scenario.
In general, stability of LSP is governed by conserved R-parity in most of the supersymmetric models.
However, in this paper, we have considered stability of the gravitino as an LSP in absence of R-parity
conservation. We argue that, even in the presence of non-zero R-parity violating couplings, large
squark masses help to reduce the decay width and hence the lifetime of the gravitino decays become
very long, typically of or larger than the age of the Universe. The explicit calculation of matrix
amplitudes and hence life times of N(LSP) candidates requires the complete identification of the SM
particles. Therefore we build up a set up which is able to provide an explicit identification of the
first generation SU(2)L leptonic and quark doublets as well as their SU(2)L-singlets, with fermionic
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super-partners of four Wilson line moduli. Further, soft SUSY parameters obtained in the context
of gravity mediation provides sleptons and gaugino/lightest neutralino (being almost degenerate in
mass) as co-NLSPs while gravitino naturally appears as Lightest Supersymmetric particle (LSP) which
traditionally can be considered as viable dark matter candidate. The more explicit realization of the
same requires life time of the LSP to be around and preferably more than the age of the universe.
The organization of the paper is as follows: In section 2, we start off with details of an improved
version of the large volume scenario set up discussed in [9]. Here, we construct four harmonic distri-
bution one-forms supported on a sub-locus of big divisor localized along the mobile space-time filling
D3-brane, and by utilizing the geometric Ka¨hler potential of [1] we show that the aforementioned
sub-locus in the large volume limit is nearly a special Lagrangian sub-manifold of the “big” divisor.
By calculating the intersection matrix valued in the Wilson line moduli sub-space a
I=1,...,h
(0,1)
− (ΣB)
,
appearing in Ka¨hler coordinate TB, we write (the Ka¨hler sector of the) Ka¨hler potential that includes
four Wilson line moduli a1, a2, a3, a4 and two position moduli of a mobile space-time filling D3-brane
restricted to the abovementioned (nearly) SLag (corresponding to a local minimum); for the purposes
of evaluation of “physical”/normalized Yukawa couplings, soft supersymemtry breaking parameters,
etc., this Ka¨hler potential is diagonalized to produce the AI ,Zi-basis. Further, the estimate of the
Dirac mass terms appearing in the N = 1 supergravity action of [12] calculated from superpotential
and Ka¨hler potential suggest that the fermionic superpartners of A1 and A3 correspond respectively
to the first generation leptons: eL and eR, and the fermionic superpartners of A2 and A4 correspond
respectively to the first generation quarks: uL and uR. We also provide explicit bi-fundamental rep-
resentations for the four Wilson line moduli and two D3-brane position moduli (after having turned
on appropriate two-form fluxes on the D7-brane world volume decomposing adjoint-valued matter
fields into bi-fundamental matter fields) and speculate about the possible modification in the relevant
N = 1 chiral coordinate in the presence of the same. We also show that the (effective) physical
Yukawas change only by O(1) under an RG-flow from the string to the EW scale. Building up on
this identification , we have evaluated the contribution of various three-point vertices in the context of
gauged N = 1 supergravity action, in section 3,4 and 5. In section 3, in order to meet the requirement
of an appropriate DM candidate, we calculate life time of three-body R-parity violating decays of grav-
itino LSP which comes out to be more than the age of the Universe. In 4.1 and 4.3, we study decay
width and life time of two-body and hadronic three-body decays of gauginos (NLSP) and co-NLSPs
(sleptons/squarks), life times of which, except for gluino-to-Goldstino decay, ensure that energy release
from both gauge boson and hadronic decays do not spoil the the predictions arising from Big Bang
Nucleosynthesis (BBN) and cosmic microwave background, etc.; gluino is hence ruled out as an NLSP.
In section 4.2, we consider R-parity violating decays of (Wino/Bino-dominated)neutralino to ordinary
particles (even R-parity) which do not affect the abundance of gravitino produced by neutralino decays
into gravitino if the decay life time of the former is more than the life time of the latter. The more
exact determination also requires that relic density of dark matter must be compatible with present
observations and should not overclose the Universe. Therefore, in order to be able to perform a reliable
comparison between theoretical predictions and improving measurements of the relic abundance from
underground DM searches, in section 5, we calculate the relic density of co-NLSP’s and hence relic
abundance of gravitino. Strictly speaking, we consider very conservative approach where one assumes
that decays of NLSP’s account for almost all of the dark matter of the Universe . Utilizing extensively
the results of [13], [14] for providing the exact analytical expressions of various annihilation channels
of neutralino and slepton, we obtain estimates of thermal cross-section and hence relic density of
N(LSP) candidates. Section 6 has the conclusions. There are five appendices; appendix A has some
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details of the geometric Ka¨hler potential calculation. Appendix B describes the evaluation of various
intersection numbers CIJ¯ corresponding to four Wilson line moduli. Appendix C has details of calcu-
lations of various soft supersymmetry breaking parameters and the fact that it is possible to obtain
around 102 GeV masses for W/Z vector gauge bosons and 125 GeV for the light Higgs. Appendix D
includes expansions of moduli space metric and its derivatives w.r.t each moduli up to terms linear in
the fluctuations about their extremum values of the Wilson line and D3-position moduli. Lastly, in
appendix E, we have given the intermediate steps of calculation of matrix amplitudes corresponding
to l˜→ l′G˜V decay.
2 Setup
From Sen’s orientifold-limit-of-F-theory point of view corresponding to type IIB compactified on a
Calabi-Yau three fold Z-orientifold with O3/O7 planes, one requires an elliptically fibered Calabi-
Yau four-fold X4 (with projection π) over a 3-fold B3(≡ CY3−orientifold) where B3 is taken be an
n-twisted CP1-fibration over CP2 such that pull-back of the divisors in CY3 automatically satisfy
Witten’s unit-arithmetic genus condition. For n = 6 [15], the Calabi-Yau three-fold Z then turns out
to be a unique Swiss-Cheese Calabi Yau in WCP4[1,1,1,6,9][x1 : x2 : x3 : x4 : x5] given by a smooth
degree-18 hypersurface in WCP4[1, 1, 1, 6, 9]; the exceptional divisor corresponding to resolution of a
Z3-singularity x1 = x2 = x3 = 0, via the monomial-divisor map, is encoded as the φx
6
1x
6
2x
6
3(φ being
an involutively odd complex structure modulus) polynomial deformation in the defining hypersurface.
Also, throughout we will be working in the non-singular coordinate patch x2 = 1 in the large volume
limit of the Swiss-Cheese Calabi-Yau.
In the presence of a space-time filling D3-brane and a space-time filling D7-brane wrapping ΣB,
the Ka¨hler potential relevant to all the calculations in this paper (without being careful about O(1)
constant factors):
K ∼ −2ln
[
(σB + σ¯B − γKgeom)
3
2 − (σS + σ¯S − γKgeom)
3
2
]
+
χ
2
∑
m,n∈Z2/(0,0)
(τ¯ − τ) 32
(2i)
3
2 |m+ nτ |3
− 4
∑
β∈H−2 (CY3,Z)
n0β
∑
m,n∈Z2/(0,0)
(τ¯ − τ) 32
(2i)
3
2 |m+ nτ |3
cos (mk.B + nk.c)
]
,
(1)
will be rewritten in terms of the N = 1 chiral coordinates: Tα=B,S ,Ga=1,2, ζA, zi=1,2 (See [16, 9] for
definitions of all) - in particular:
σα ∼ Tα −
(
iκαbcc
bBc + κα + i
(τ − τ¯)καbcG
b(Gc − G¯c)
+iδBα κ
2
4µ7l
2CIJ¯α aI a¯J¯ +
3i
4
δBα τQf˜ + iµ3l
2(ωα)ij¯z
i
(
z¯j¯ − i
2
z¯a˜(P¯a˜)j¯l zl
))
, (2)
where
• κ4 is related to four-dimensional Newton’s constant, µ3 and µ7 are D3 and D7-brane tensions;
• καab’s are triple intersection integers of the CY orientifold;
• ca and ba are coefficients of RR and NS-NS two forms expanded in odd basis of H(1,1)
∂¯,− (CY );
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• CIJ¯α =
∫
ΣB i
∗ωα ∧AI ∧AJ¯ , ωα ∈ H(1,1)∂¯,+ (CY3) and AI forming a basis for H
(0,1)
∂¯,− (Σ
B) - immersion
map is defined as: i : ΣB →֒ CY3, aI is defined via a Kaluza-Klein reduction of the U(1) gauge
field (one-form) A(x, y) = Aµ(x)dx
µP−(y)+aI(x)AI(y)+a¯J¯(x)A¯J¯ (y), where P−(y) = 1 if y ∈ ΣB
and -1 if y ∈ σ(ΣB);
• za˜, a˜ = 1, ..., h2,1− (CY3), are D = 4 complex structure deformations of the CY orientifold, (Pa˜)ij¯ ≡
1
||Ω||2 Ω¯
ikl (χa˜)klj¯, i.e., P : TCY (1,0)3 −→ TCY (0,1)3 via the transformation: zi c.s. deform−→ zi +
i
2z
a˜ (Pa˜)ij¯ z¯j¯ , zi are scalar fields corresponding to geometric fluctuations of D3-brane inside the
Calabi-Yau and defined via: z(x) = zi(x)∂i + z¯
i¯(x¯)∂¯i¯, and
• Qf˜ ≡ l2
∫
ΣB f˜ ∧ f˜ , where f˜ ∈ H˜2−(ΣB) ≡ coker
(
H2−(CY3)
i∗→ H2−(ΣB)
)
.
The closed string moduli-dependent Ka¨hler potential, includes perturbative (using [17]) and non-
perturbative (using [18]) α′-corrections. Written out in (discrete subgroup of) SL(2,Z)(expected to
survive orientifolding)-covariant form, the perturbative corrections are proportional to χ(CY3) and
non-perturbative α′ corrections are weighted by {n0β}, the genus-zero Gopakumar-Vafa invariants that
count the number of genus-zero rational curves β ∈ H−2 (CY3,Z). In fact, the closed string moduli-
dependent contributions are dominated by the genus-zero Gopakumar-Vafa invariants which using
Castelnuovo’s theory of moduli spaces can be shown to be extremely large for compact projective
varieties [19] such as the one used.
Based on the study initiated in [10, 11], one us (AM), inspired by the Donaldson’s algorithm - see
[20] - had obtained in [1], an estimate of a nearly Ricci-flat Swiss Cheese metric for points finitely
separated from ΣB based on the following ansatz:
K = ln
[
hz
2
4 z¯
2
4z4
2z¯24 + h
z24 z¯
2
4
3
√
V z4z¯4 + h
z24 z¯
2
4V 23/36(z1 + z¯1 + z2 + z¯2) + h
z24 z¯
2
4V 11/18(z1z¯1 + z2z¯1 + z1z¯2 + z2z¯2)
+hz
2
4 z¯
2
4V 11/18
(
z1
2 + z2z1 + z¯
2
1 + z2
2 + z¯22 + z¯1z¯2
)
+ hz
2
4 z¯
2
4V 7/12
(
z¯2z1
2 + z¯21z1 + z¯
2
2z1 + z¯1z2
2 + z2z¯
2
2 + z¯
2
1z2
)
+hz
2
4 z¯
2
4V 5/9
(
z1
2z¯21 + z2
2z¯21 + z1
2z¯22 + z2
2z¯22
)
+ hz
2
4 z¯
2
4
√
V (z4 + z¯4) + h
z24 z¯
2
4V 17/36(z¯1z4 + z¯2z4 + z1z¯4 + z2z¯4)
+hz
2
4 z¯
2
4V 4/9
(
z¯4z1
2 + z¯21z4 + z¯
2
2z4 + z2
2z¯4
)
+ hz
2
4 z¯
2
4V 5/12
(
z¯1z¯4z1
2 + z¯2z¯4z1
2 + z¯21z4z1 + z2z¯
2
2z4 + z¯1z2
2z¯4 + z2
2z¯2z¯4
)
+hz
2
4 z¯
2
4V 5/18(z1z¯1z4z¯4 + z¯1z2z4z¯4 + z1z¯2z4z¯4 + z2z¯2z4z¯4) + h
z24 z¯
2
4V 11/36((z1 + z¯1)z4z¯4 + (z2 + z¯2)z4z¯4)
+hz
2
4 z¯
2
4
3
√
V
(
z4
2 + z¯24
)
+ hz
2
4 z¯
2
4V 11/36
(
z4
2z¯1 + z1z¯
2
4 + z2z¯
2
4 + z¯2z4
2
)
+ hz
2
4 z¯
2
4V 5/18
(
z¯21z4
2 + z¯22z4
2 + z1
2z¯24 + z2
2z¯24
)
+hz
2
4 z¯
2
4
6
√
V
(
z¯4z4
2 + z¯24z4
)
+ hz
2
4 z¯
2
4V 5/36
(
(z¯1 + z¯2)z¯4z4
2 + (z1 + z2)z¯
2
4z4
)
+ hz
2
4 z¯
2
4V 4/9(z1z¯2z4 + z¯1z2z¯4
+|z1|2(z4 + z¯4) + z1z¯2(z4 + z¯4) + |z2|2(z4 + z¯4)) + 3
√
V
]
(3)
From (A3), one sees that h11 ∼ hz24 z¯24V 23 . Using (23), one can show that:
Rziz¯j ∼
∑8
n=0 an
(
hz
2
4 z¯
2
4
)n V n3(
1 +O(1)hz24 z¯24V 13
)2 V 118 (∑3n=0 bn (hz24 z¯24)n V n3 )2 . (4)
Solving numerically:
∑8
n=0 an
(
hz
2
4 z¯
2
4
)n V n3 = 0, as was assumed, one (of the eight values of) hz24 z¯24 , up
to a trivial Ka¨hler transformation, turns out to be V− 13 ,V ∼ 106. Curiously, from GLSM-based analy-
sis, we had seen in [9] that on ΣB(z4 = 0), the argument of the logarithm received the most dominant
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contribution from the FI-parameter r2 ∼ V 13 which using this value of hz24 z¯24 , is in fact, precisely what
one obtains even now. Using this value of hz
2
4 z¯
2
4 , one obtains: Rziz¯4 , Rz4z¯4 ∼ 10−1. Further, as has
been assumed that the metric components gz1,2 z¯4 are negligible as compared to gziz¯j - this was used in
[10] in showing the completeness of the basis spanning H1,1− for a large volume holomorphic isomet-
ric involution restricted to (5), z1 → −z1, z2,3 → z2,3, which is now born out explicitly, wherein the
latter turn out to about 10% of the former. One does not need the aforementioned restriction on the
geometric Swiss-Cheese metric for large volume involutions restricted to (5), of the following type. In
the u2 6= 0-coordinate patch, the defining degree-18 hypersurface in WCP41,1,1,6,9[u1 : u2 : u3 : u4 : u5]
can be written as: 1 + z181 + z
18
2 + z
3
3 − ψz1z2z3z4 − φz61z62 = 0, z1 = u1u2 , z2 = u3u2 , z3 = u4u61 , z4 =
u5
u91
.
The same can be rewritten as: (iz4)
2 − ψz1z2z3z4 = z33 + φz61z62 − z181 − z182 . This is can therefore be
thought of as the following Weierstrass variety:
T 2(z3, z4(z3)) → WCP41,1,1,6,9(z1, z2, z3)
↓ π
CP2(z1, z2)
. Now,
assuming that the complex structure modulus ψ has been stabilized to an infinitesimal value so that
one can disregard the polynomial deformation proportional to ψ, and defining χ1,2 ≡ z61,2, this elliptic
fibration structure can thought also of as:
T 2(z3, z4(z3)) → WCP41,1,1,6,9(χ1, χ2, z3)
↓ π
(Complex curve) C(χ1) −→ CP2(χ1, χ2)
↓ π′
CP1(χ2)
,
corresponding to (iz4)
2 ≈ z33 + φχ1χ2 − χ31 − χ32. Alternatively, one can also think of the Weier-
strass variety as:
T 2(−χ1, z4(−χ1)) → WCP41,1,1,6,9(χ1, χ2, z3)
↓ π
(Complex curve) C(−z3) −→ CP2(−z3, χ2)
↓ π′
CP1(χ2)
, corresponding to (iz4)
2 ≈
(−χ1)3+φχ1χ2+ z33 −χ32. Therefore, near (5), one can define a large volume holomorphic involution:
χ1 ↔ −z3, φ→ −φ(the fact that complex structure modulus φ is involutively odd, is also used in (2)).
After zi → zi + V 136 and aI → aI + 〈aI〉, the EW symmetry is spontaneously broken to U(1)em.
We therefore require to construct four harmonic distribution one-forms AI localized on a sub-locus of
ΣB:
C3 : |z1| ∼ V
1
36 , |z2| ∼ V
1
36 , |z3| ∼ V
1
6 . (5)
This is a toroidal three-cycle and the Calabi-Yau can be thought as a T 3(swept out by
(argz1, argz2, argz3))-fibration over a large base (|z1|, |z2|, |z3|); precisely apt for application of mirror
symmetry as three T-dualities a la S(trominger) Y(au) Z(aslow) [21]. Interestingly, (5) is almost
a s(pecial) Lag(rangian) sub-manifold. The requirements for the same are that f∗J = 0, f∗Ω =
eiθvol(C3), where f : C3 → CY3 [22]. Let us see if these requirements hold up. Using the geometric
Ka¨hler potential of (23), the geometric metric near C3 is estimated to be:
gij¯ ∼
O(10−1)
2

1
18√V
1
18√V
1
V 7/36
1
18√V
1
18√V
1
V 7/36
1
V 7/36
1
V 7/36
1
3√V
 , (6)
which justifies the assumption made in [10] about the block-diagonal form of gij¯. The same was
necessary in explicitly demonstrating h1,1− 6= 0 in [10] for the large volume involution: z1 → −z1, z2,3 →
5
z2,3. The most non-trivial example of involutions which are meaningful only at large volumes is mirror
symmetry implemented as three T-dualities in [21] (Also see the first paragraph of section 4.3 of [23]
for implementation of SYZ proposal and importance of large base for doing so); mirror symmetry
could be thought of as an involution since the mirror of a mirror is the original manifold.
1. Using (6), one sees that:
f∗(ds26) ∼ 0.05
 2∑
i,j=1
V− 118 (dzidz¯j¯)+ V− 13 |dz3|2
∣∣∣∣∣
C3
∼ 0.05
 2∑
i,j=1
d(argzi)d(argz¯j¯) + d(argz3)d(argz¯3)
 . (7)
This implies f∗J ∼ 0.05, which is small.
2. In the u2 6= 0- coordinate patch with z1 = u1u2 , z2 = u3u2 , z3 = u4u62 , z4 =
u5
u62
, by the Griffiths residue
formula, one obtains:
Ω =
dz1 ∧ dz2 ∧ dz4
∂P
∂z3
=
dz1 ∧ dz2 ∧ dz4
3z23 − ψz1z2z4
. (8)
The coordinate z4 can be solved for using:
z4 =
ψz1z2z3 ±
√
ψ2(z1z2z3)2 − 4(1 + z181 + z182 + z33 − φ(z1z2)6)
2
∼ ψV 29 ± iV 14 , (9)
which implies that the T 3 will never degenerate as the roots will never coincide:
dz4 ∼ dz3
(
ψz1z2
2
±
(
2ψ2z21z
2
2z3 − 12z23
)
4
√
ψ2(z1z2z3)2 − 4(1 + z181 + z182 + z33 − φ(z1z2)6)
)
+ (...)dz1 + (...)dz2
∼
(
ψz1z2
2
± 1.5i z
2
3√
z181 + z
18
2 + z
3
3
)
dz3 + (...)dz1 + (...)dz2, near (5), |ψ| << 1, |φ| << 1.
(10)
Therefore, restricted to (5) and substituting (9) and (10) in (8), one obtains:
Ω ∼
(
ψV 118 ± 1.5iV 112
)
3V 13 − ψV 118
[
ψV 29 ± iV 14
]dz1 ∧ dz2 ∧ dz3
∼
(
ψV− 518
3
± 0.5iV− 14
)
dz1 ∧ dz2 ∧ dz3. (11)
Hence, if one could estimate the pull-back of the nowhere vanishing holomorphic three-form as:
f∗Ω ∼
(
ψ
3
V− 518+ 118+ 16 + 0.5iV− 14+ 118+ 16
)
d(argz1) ∧ d(argz2) ∧ d(argz3)
∣∣∣∣∣
V∼106
∼ (0.2ψ ± 0.3i) d(argz1) ∧ d(argz2) ∧ d(argz3), (12)
6
and:
vol(C3) ∼
√
f∗gf∗(dz1 ∧ dz2 ∧ dz3)
∼
√
(0.05)3V 118+ 16d(argz1) ∧ d(argz2) ∧ d(argz3)
∣∣∣∣∣
V∼106
∼ 0.2d(argz1) ∧ d(argz2) ∧ d(argz3), (13)
then relative to a phase e−iθ, θ = π2 , ℑm
(
f∗e−iθΩ
) ∼ 0.2ψd(argz1) ∧ d(argz2) ∧ d(argz3), which for
|ψ| << 1, is close to zero; (equivalently)Re (f∗e−iθΩ) ∼ vol(C3). This implies that C3 is nearly/almost
a special Lagrangian sub-manifold [24].
Following our previous constructions in [9, 10], the harmonic distribution one-forms can be con-
structed by integrating:
dAI = (PΣB (z1,2,3))
I dz1 ∧ dz2, (14)
with I = 1, 2(done), 3, 4 where
AI ∼ δ
(
|z3| − V
1
6
)
δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
[ωI(z1, z2)dz1 + ω˜I(z1, z2)dz2] . (15)
From (14), one sees that AI is harmonic only on ΣB and not at any other generic locus in the Calabi-
Yau manifold; (15) shows that AI are distribution one-forms on ΣB localized along the D3-brane
which is localized on the three-cycle C3 of (5).
Writing AI(z1, z2) = ωI(z1, z2)dz1 + ω˜I(z1, z2)dz2 where ω(−z1, z2) = ω(z1, z2), ω˜(−z1, z2) =
−ω˜(z1, z2) and ∂1ω˜ = −∂2ω, one obtains:
A1(z1, z2, z3 ∼ V
1
6 ) ∼ −z181 z192 dz1 + z191 z182 dz2,
A2(z1, z2, z3 ∼ V
1
6 ) ∼ −
(
z192
19
+ z181 z2
)
dz1 +
(
z191
19
+ z182 z1
)
dz2,
A3(z1, z2, z3 ∼ V
1
6 ) ∼ −
(
z552
55
+ 3
z372
37
(√
V + z181
)
+ z2
(√
V + z181
)3
+
z192
19
(
3V + 6
√
Vz181 + 3z361
))
dz1 + (1↔ 2)
∼ −z181 z372 dz1 + (1↔ 2),
A4(z1, z2, z3 ∼ V
1
6 ) ∼ −z361 z372 dz1 + z362 z371 dz2. (16)
Utilizing above, one can calculate the intersection numbers CIJ¯ corresponding to set of four Wilson
line moduli. The resultant contribution of various CIJ¯ ’s are given in appendix B.
Lets now look at the term quadratic in the D3-brane position moduli in Tα=B,S which is given by:
(ωα)ij¯ z
i
(
z¯j¯ − i
2
(Pa˜)j¯l z¯a˜zl
)
, (17)
where
(Pa˜)j¯l =
Ωj¯k¯m¯ (χa˜)k¯m¯l
||Ω||2 ∼
gj1 j¯gk1k¯gm1m¯Ωj1k1m1 (χa˜)k¯m¯l
gi2 i¯2gj3 j¯3gk2k¯2Ωi2j2k2Ω¯i¯2 j¯2k¯2
. (18)
As ωα forms a basis of H
1,1
+ (CY3) and χa˜ forms a basis of H
2,1
− (CY3), this does not therefore depend
on the choice of the divisor α. By Griffith’s residue formula, Ω = Ω124dz1 ∧ dz2 ∧ dz4 where
Ω124 =
1
∂P (z1,z2,z3,z4)
∂z3
=
1
3z23 − ψz1z2z4
. (19)
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From P (z1, z2, z3, z4) = 0, one obtains:
z3 ∼ ψz1z2z4(
− (z181 + z182 + z24 − φz61z62)+√(ψz1z2z4)3 + (z181 + z182 + z24 − φz61z62)2) 13
+
(
− (z181 + z182 + z24 − φz61z62)+√(ψz1z2z4)3 + (z181 + z182 + z24 − φz61z62)2) 13 , (20)
which for z1,2 ∼ V 136 , z4 ∼ V 16 yields z3 ∼ V 16 . Hence,
Ω124 ∼ V− 13 . (21)
The polynomial deformation coefficient ψ is a complex structure deformation modulus and given that it
must be of the type za˜, i.e., odd under the holomorphic isometric involution σ : z1 → −z1, z2,4 → z2,4,
σ : ψ → −ψ. So, given that σ∗Ω = −Ω, hence σ : Ω124 → Ω124.
Now,
1
2
(Pa˜)j¯l ∼
(χa˜)4¯2¯1
Ω¯1¯2¯4¯
∼ V
1
3
2
∣∣∣∣∣
V<∼106
∼ O(10). (22)
Assuming the complex structure moduli za˜ are stabilized at values: O(10)za˜ ∼ O(1) for V <∼ 106,
one sees that contribution quadratic in zizj goes like (ωα)ij¯(z
iz¯j¯). ωB,S are Poincare-duals of ΣB,S
respectively. Hence, ωB,S = δ(PΣB,S )dPΣB,S ∧ δ(P¯ΣB,S )dP¯ΣB,S .
• Noting that i∗Bdz3 ∼ φz
5
1z
5
2(z2dz1+z1dz2)−(z171 dz1+z172 dz2)
(φz61z
6
2−z181 −z182 −1)
2
3
(iB : ΣB(1+z
18
1 +z
18
2 +z
3
3 = φz
6
1z
6
2) →֒ CY3),
which near z1,2 ∼ V 136 implies dz3 ∼ V 536 (dz1 + dz2). Hence, near z1,2 ∼ V
1
36√
2
, ωB ∼ V
17
18
217 (dz1 +
dz2) ∧ (dz¯1 + dz¯2)
∣∣∣∣
V∼106
∼ (dz1 + dz2) ∧ (dz¯1 + dz¯2).
• Noting that i∗Sdz4 ∼ φz
5
1z
5
2(z2dz1+z1dz2)−(z171 dz1+z172 dz2)√
(φz61z
6
2−z181 −z182 −1)
(iS : ΣS(1+z
18
1 +z
18
2 +z
2
4 = φz
6
1z
6
2) →֒ CY3),
which near z1,2 ∼ V 136 implies dz4 ∼ V 29 (dz1 + dz2). Again, hence z1,2 ∼ V
1
36√
2
, ωS ∼ V
17
18
217 (dz1 +
dz2) ∧ (dz¯1 + dz¯2)
∣∣∣∣
V∼106
∼ (dz1 + dz2) ∧ (dz¯1 + dz¯2).
We hence see that (ωB)ij¯ ∼ (ωS)ij¯ ∼ O(1) near z1,2 ∼ V
1
36√
2
.
Therefore, near ca, ba ∼ πnka < 1(in units of Mp = 1), n ∼ O(1), ka ∼ O(10),
K
M2p
∼ −2ln
([
TB + T¯B
Mp
−
(
µ3l
2
{|z1|2 + |z2|2 + z1z¯2 + z2z¯1}
M2p
+ V 109 |a1|
2
M2p
+ V 1118 (a1a¯2 + h.c.)
M2p
+ V 19 |a2|
2
M2p
+ V 2918 (a1a¯3 + h.c.)
M2p
+V 109 (a2a¯3 + h.c.)
M2p
+ V 199 |a3|
2
M2p
+ V 199 (a1a¯4 + a4a¯1) + V
29
18 (a2a¯4 + a4a¯2) + V
47
18 (a3a¯4 + a4a¯3) + V
28
9 |a4|2
)]3/2
−
(
TS + T¯S
Mp
− µ3l2
{|z1|2 + |z2|2 + z1z¯2 + z2z¯1}
M2p
)3/2
+
∑
n0β(...)
)
, (23)
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One can argue that near(
|z1,2| ∼ V 136Mp, |z3| ∼ V 16Mp, |a1| ∼ V− 29Mp, |a2| ∼ V− 13Mp, |a3| ∼ V− 1318Mp, |a4| ∼ V− 119 Mp, ζA = 0;
Ga ∼ πO(1)ka(∼O(10))Mp
)
, one obtains a local meta-stable dS-like minimum corresponding to the posi-
tive minimum of the potential
eKGTS T¯S |DTSW |2 stabilizing vol (ΣB) ∼ Re(σB) ∼ V
2
3 , vol (ΣS) ∼ ReσS ∼ V 118 such that Re(T )S ∼
V 118 and in the dilute flux approximation:
1
g2j=SU(3) or SU(2)
= Re(TB) + ln
(
P (ΣS)|D3|ΣB
)
+ ln
(
P¯ (ΣS)
∣∣
D3|ΣB
)
+O
(
U(1) − Flux2j
)
∼ V 118 . (24)
Indeed, near the aforementioned stabilized values of the open string moduli,∣∣C11¯|a1|2∣∣ ∼ V 23 , |C12¯ (a1a¯2 + h.c.)| ∼ V 118 , |C13¯ (a1a¯3 + h.c.)| ∼ V 23 ,
|C14¯ (a1a¯4 + h.c.)| ∼ V
2
3 ,
∣∣C22¯|a2|2∣∣ ∼ V− 59 , |C23¯ (a2a¯3 + h.c.)| ∼ V 118 ,
|C24¯ (a2a¯4 + h.c.)| ∼ V
1
18 ,
∣∣C33¯|a3|2∣∣ ∼ V 23 , |C34¯ (a3a¯4 + h.c.)| ∼ V 23 ,∣∣C44¯|a4|2∣∣ ∼ V 23 , (25)
we see that there is the possibility that:
V ol(ΣB) + CIJ¯aI a¯J¯ + h.c. ∼ V
1
18 , (26)
and hence (24) could be implemented.
To obtain the “physical”/normalized Yukawa couplings, soft SUSY breaking parameters, vertices
later in the paper, etc., one needs to diagonalize the matrix generated from the mixed double derivative
of the Ka¨hler potential, the same given as under:
a11
1
V2/3 a12
1
V2/3 a13
1
V5/12 a14
1
V11/12 a15
12
√V a16V7/12
a12
1
V2/3 a22
1
V2/3 a23
1
V5/12 a24
1
V11/12 a25
12
√V a26V7/12
a13
1
V5/12 a23
1
V5/12 a33V4/9 a34 118√V a35V
17/18 a36V13/9
a14
1
V11/12 a24
1
V11/12 a34
1
18√V a44
1
V5/9 a45V4/9 a46V17/18
a15
12
√V a25 12
√V a35V17/18 a45V4/9 a55V13/9 a56V35/18
a16V7/12 a26V7/12 a36V13/9 a46V17/18 a56V35/18 a66V22/9

(27)
With V ∼ 105 and some fine tuning in a11,12,22,14,13,23,24,36,44,46,56,66, the numerical eigenvalues are
estimated to be:
1012, 107, 104, 10−2, 10−3, 10−5, (28)
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with the corresponding eigenvectors given by:
A4 ∼ a4 + V−
3
5 a3 + V−
6
5a1 + V−
9
5a2 + V−2 (z1 + z2) ;
A3 ∼ −a3 + V−
3
5 a4 − V−
3
5 a1 − V−
7
5a2 + V−
8
5 (z1 + z2) ;
A1 ∼ a1 − V−
3
5 a3 + V−1a2 − V−
6
5a4 + V−
6
5 (z1 + z2) ;
A2 ∼ −a2 − V−1a1 + V− 75 a3 − V− 35 (z1 + z2) ;
Z2 ∼ −(z1 + z2)√
2
− V− 65 a1 + V−
3
5 a2 + V−
8
5 a3 + V−2a4;
Z1 ∼ (z1 − z2)√
2
− V− 65 a1 + V− 35a2 + V− 85a3 + V−2a4. (29)
The system of equations (29) can be solved to yield:
z1 ∼ (Z2 −Z1)√
2
− V− 65A1 − V− 35A2 + V− 85A3 + V−2A4;
z2 ∼ −(Z2 + Z1)√
2
− V− 65A1 − V−
3
5A2 + V−
8
5A3 + V−2A4;
a1 ∼ V−
6
5Z1 + V−
7
5Z2 −A1 − A2V + V
− 3
5A3 + V−
6
5A4;
a2 ∼ V− 35Z1 + Z2V −
A1
V +A2 − V
− 7
5A3 + V− 95A4;
a3 ∼ V−
7
5Z1 + V−
9
5Z2 − V−
3
5A1 − V−
7
5A2 −A3 + V−
3
5A4;
a4 ∼ Z1V2 + V
− 11
5 Z2 + A1V − V
− 9
5A2 + V−
3
5A3 +A4;
(30)
The non-perturbative superpotential we will be using is given by:
W ∼
(
1 + z181 + z
18
2 +
(
3φ0z
6
1z
6
2 − z181 − z182
) 2
3 − 3φ0z61z62
)ns
e−n
svol(ΣS )−µ3(αSz21+βSz22+γSz1z2). (31)
For ns = 2, vol(ΣS) and zi were stabilized at around V 118 and V 136 . Now, considering fluctuations in
zi : zi → V 136 + δzi, with the fluctuations expressible in terms of δZ1,2, δA1,2,3,4 using (30), and with
the understanding that V 118 (1 + αS + βS + γS) ∼ lnV, one obtains the following non-zero physical
effective Yukuwa couplings :Yˆ effCiCjCk ≡
e
K
2 Y effCiCjCk√
KCiC¯i
KCjC¯j
KCkC¯k
, Ci being an open string modulus which for
us is δZ1,2, δA1,2,3,4, where, e.g., Y effZiA1/2A3/4 is the O(Zi)-coefficient in the following mass term in the
N = 1 SUGRA action of [12]: eK2 DA¯1/2DA¯3/4W¯ χ¯A1/3χA2/4 . Using (30), and:
e
K
2 Dz1Dz1W = V−
43
72 , e
K
2 Dz1Da1W = V−
89
72 , e
K
2 Dz1Da2W = V−
125
72 ,
e
K
2 Dz1Da3W = V−
25
36 , e
K
2 Dz1Da4W = V−
17
72 , e
K
2 Da1Da1W = V−
71
72 ,
e
K
2 Da1Da2W = V−
107
72 , e
K
2 Da1Da3W = V−
35
72 , e
K
2 Da1Da4W = V
1
72 ,
e
K
2 Da2Da2W = V−
1
72 , e
K
2 Da2Da3W = V−
3
4 , e
K
2 Da2Da4W = V−
5
9 ,
e
K
2 Da3Da3W = V
1
72 , e
K
2 Da3Da4W = V
37
72 , e
K
2 Da4Da4W = V
73
72 , (32)
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one can verify that e
K
2 DAIDAJ W¯ ∼ e
K
2 DaIDaJ W¯ . Now,
(
e
K
2 Dλ¯DΣ¯W¯
)
χ¯λLχ
Σ
R =
(
e
K
2 DI¯DJ¯ W¯
)
χ¯ILχ
J
R ,
where λ/Σ index AI ,ZJ and I/J index aI , zi. What is interesting is that using (29), (30), e.g.,(
e
K
2 DA¯1,2DA¯3,4W¯
)
χ¯
A1,2
L χ
A3,4
R ∼
(
e
K
2 Da¯1,2Da¯3,4W¯
)
χ¯
A1,2
L χ
A3,4
R =
(
∂A¯1,2
∂M¯I
)(
∂A¯3,4
∂M¯J¯
)(
e
K
2 Da¯1,2Da¯3,4W¯
)
χ¯MIL χ
MJ
R
∼
(
e
K
2 Da¯1,2Da¯3,4W¯
)
χ¯
a1,2
L χ
a3,4
R . (33)
This implies that the mass terms, in the large volume limit, are invariant under diagonalization of the
open string moduli.
•
O(Zi) term in eK2 DA1DA3W√
KZiZ¯iKA1A¯1KA3A¯3
≡ Yˆ effZiA1A3 ∼ 10−3 × V−
4
9 , (34)
which implies that for V ∼ 105, 〈Zi〉 ∼ 246GeV , 〈Zi〉YˆZ1A1A3 ∼ MeV - about the mass of the
electron!
•
O(Zi) term in eK2 DA2DA4W√
KZiZ¯iKA2A¯2KA4A¯4
≡ Yˆ effZiA2A4 ∼ 10−
5
2 × V− 49 , (35)
which implies that for V ∼ 105, 〈Zi〉 ∼ 246GeV , 〈zi〉YˆZiA1A2 ∼ 10MeV - close to the mass of
the up quark!
There is an implicit assumption that the vev of the D3-brane position moduli, identified with the
neutral components of two Higgs doublets, can RG-flow down to 246GeV - that the same is possible
was shown in [10]. The RG-flow of the effective physical Yukawas are expected to change by O(1)
under an RG flow from the string scale down to the EW scale. This can be motivated by looking at
RG-flows of the physical Yukawas YˆΛΣ∆ in MSSM-like models:
dYˆΛΣ∆
dt
= γκΛYˆκΣ∆ + γ
κ
ΣYˆΛκ∆ + γ
κ
∆YˆΛΣκ, (36)
where the anomalous dimension matrix γκΛ, at one loop, is defined as:
γκΛ =
1
32π2
YˆΛΨΥYˆ ∗κΨΥ − 2∑
(a)
g2(a)C(a)(ΦΛ)δ
κ
I
 , (37)
where (a) indexes the three gauge groups and Λ, etc. index the diagonalized basis fields AI ,Zi. Using
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(31), one can show that at Ms(string scale):
YˆZiZjZk ∼ V
1
8 , YˆZiZiA1 ∼ V−
79
40 , YˆZiZiA2 ∼ V−
31
40 , YˆZiZiA4 ∼ V−
143
40 ,
YˆZiZiA3 ∼ V−
107
40 , YˆZiA1A1 ∼ V−
163
40 , YˆZiA1A2 ∼ V−
23
8 ,
YˆZiA1A3 ∼ V−
191
40 , YˆZiA1A4 ∼ V−
227
40 , YˆZiA2A2 ∼ V−
67
40 ,
YˆZiA2A3 ∼ V−
143
40 , YˆZiA2A4 ∼ V−
179
40 , YˆZiA3A3 ∼ V−
219
40 ,
YˆZiA3A4 ∼ V−
51
8 , YˆZiA4A4 ∼ V−
55
8 , YˆA1A1A1 ∼ V−
247
40 ,
YˆA1A1A2 ∼ V−
199
40 , YˆA1A1A3 ∼ V−
55
8 , YˆA1A1A4 ∼ V−
311
40 ,
YˆA1A2A2 ∼∼ V−
151
40 , YˆA1A2A3 ∼ V−
227
40 , YˆA1A2A4 ∼ V−
263
40 ,
YˆA2A4A5 ∼ V−
339
40 , YˆA1A4A4 ∼ V−
75
8 , YˆA2A2A2 ∼ V−
103
40 ,
YˆA2A2A3 ∼ V−
179
40 , YˆA2A2A4 ∼ V−
43
8 , YˆA2A3A3 ∼ V−
299
60 ,
YˆA2A3A4 ∼ V−
263
40 , YˆA4A3A3 ∼ V−
367
40 , YˆA1A3A3 ∼ V−
283
40 ,
YˆA2A4A4 ∼ V−
327
40 , YˆA3A4A4 ∼ V−
403
40 , YˆA3A3A3 ∼ V−
331
40 , YˆA4A4A4 ∼ V−
439
40 . (38)
From (38), one sees that YˆZiZiZi(Ms) ∼ V
1
8 is the most dominant physical Yukawa at the string scale.
Hence,
γΓΛYˆΓΣ∆ ∼
1
32π2
YˆΛZiZiYˆ
∗
ZiZiZiYˆZiΣ∆ −
2
∑
(a) g
2
(a)C(a)(ΦΓ)δ
Γ
ΛYˆΓΣ∆
32π2
. (39)
Now, the first term in (39) is volume suppressed as compared to the second term at Ms; let us assume
that the same will be true up to the EW scale. Using the one-loop solution for
g2
(a)
(t)
16π2
=
β(a)
b(a)
1+β(a)t
in (39)
and therefore (36), one obtains:
dlnYˆΛΣ∆
dt
∼ −2
∑
(a)
C(a)(Λ)
β(a)
b(a)
1 + β(a)t
+
∑
(a)
C(a)(Σ)
β(a)
b(a)
1 + β(a)t
+
∑
(a)
C(a)(∆)
β(a)
b(a)
1 + β(a)t
 , (40)
whose solution yields:
YˆΛΣ∆(t) ∼ YˆΛΣ∆(Ms)
3∏
(a)=1
(
1 + β(a)t
)−2(C(a)(Λ)+C(a)(Σ)+C(a)(∆))
b(a) . (41)
The solution (41) justifies the assumption that all YˆΛΣ∆s change only by O(1) as one RG-flows down
from the string to the EW scale.
A similar argument for the RG-evolution of Yˆ effZiAIAJ s would proceed as follows. We will for
definiteness and due to relevance to the preceding discussion on lepton and quark masses, consider
dYˆ effZ1A1A3
dt and
dYˆ effZ1A2A4
dt . Now,
dYˆ effZ1A1A3
dt
= γΛZ1Yˆ
eff
ΛA1A3 + γ
Λ
A1 Yˆ
eff
Z1ΛA3 + γ
Λ
A3 Yˆ
eff
Z1A1Λ, (42)
where:
γΛZ1 ∋ YˆZ1ΥΣYˆ ∗ΛΥΣ ∼ YˆZ1Z1Z1 Yˆ ∗ΛZ1Z1 , etc., (43)
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implying:
dYˆ effZ1A1A3
dt
∋ YˆZ1Z1Z1 Yˆ ∗Z1Z1Z1Yˆ effZ1A1A3 + YˆZ1Z1Z1 Yˆ ∗A1Z1Z1Yˆ effA1A1A3 + YˆZ1Z1Z1Yˆ ∗A2Z1Z1 Yˆ effA2A1A3
YˆZ1Z1Z1 Yˆ
∗
A3Z1Z1 Yˆ
eff
A3A1A3 + YˆZ1Z1Z1Yˆ
∗
A4Z1Z1Yˆ
eff
A4A1A3 , (44)
and a similar equation for
dYˆ effZ1A2A4
dt . Using (38) and:
e
K
2 Da1/2Da3/4W ∋ V−
4
9
(
zi − V
1
36
)
+ V 23
(
a1 − V−
2
9
)
+ V− 56
(
a2 − V−
1
3
)
+V 16
(
a3 − V−
13
18
)
+ V 76
(
a4 − V−
11
9
)
, (45)
and (44), one sees that at Ms:
γΛZ1 Yˆ
eff
ΛA1A3 + γ
Λ
A1 Yˆ
eff
Z1ΛA3 + γ
Λ
A3 Yˆ
eff
Z1A1Λ ∋
V 18+ 18− 49√
KZ1Z¯1KA1A¯1KA3A¯3
∣∣∣∣∣
V∼105
∼ V− 143180 ,
γΛZ1 Yˆ
eff
ΛA2A4 + γ
Λ
A2 Yˆ
eff
Z1ΛA4 + γ
Λ
A4 Yˆ
eff
Z1A2Λ ∋
V 18+ 18− 49√
KZ1Z¯1KA2A¯2KA4A¯4
∣∣∣∣∣
V∼105
∼ V− 2536 . (46)
Hence, at the string scale, the anomalous dimension matrix contribution is sub-dominant as compared
to the gauge coupling-dependent contribution, and by a similar assumption (justified by the solution
below)/reasoning:
Yˆ effΛΣ∆(t) ∼ Yˆ effΛΣ∆(Ms)
3∏
(a)=1
(
1 + β(a)t
)−2(C(a)(Λ)+C(a)(Σ)+C(a)(∆))
b(a) . (47)
This suggests that possibly, the fermionic superpartners of A1 and A3 correspond respectively to eL
and eR and the fermionic superpartners of A2 and A4 correspond respectively to the first generation
uL and uR.
We also calculate masses of all superpartners corresponding to each wilson line moduli, position
moduli and gaugino/Higgsino’s appearing in the set up. The details of calculations of the same are
given in appendix C and results of masses of all SM as well as superpartners are summarized in table
1.
We will consider four stacks of D7-branes: a stack of 3, a stack of 2 and two stacks of 1. The
matter fields: L-quarks and their superpartners will be valued in the bifundamentals (3, 2¯) under
SU(3)c × SU(2)L; the L-leptons and their superpartners will be valued in the bifundamentals (2, −¯1)
of SU(2)L × U(1)Y . Before the fluxes (48) are turned on, the Wilson line moduli are valued in the
adjoint of U(7). With the following choice of fluxes:
F =

f1 0 0 0 0 0 0
0 f1 0 0 0 0 0
0 0 f1 0 0 0 0
0 0 0 f2 0 0 0
0 0 0 0 f2 0 0
0 0 0 0 0 f3 0
0 0 0 0 0 0 f4

, (48)
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Quark mass Mq ∼ O(5)MeV
Lepton mass Ml ∼ O(1)MeV
Gravitino mass m 3
2
∼ V−n
s
2
−1mpl;ns = 2
Gaugino mass Mg˜ ∼ V 23m 3
2
Neutralino mass Mχ03 ∼ V
2
3m 3
2
D3-brane position moduli mZi ∼ V
59
72m 3
2
(Higgs) mass
Wilson line moduli mass mA˜I ∼ V
1
2m 3
2
I = 1, 2, 3, 4
A-terms Apqr ∼ nsV 3736m 3
2
{p, q, r} ∈ {A˜I ,Zi}
Physical µ-terms µˆZiZj
(Higgsino mass) ∼ V 3736m 3
2
Physical µˆB-terms (µˆB)Z1Z2 ∼ V
37
18m23
2
Table 1: Mass scales of first generation of SM as well supersymmetric and soft SUSY parameters
the U(7) is broken down to U(3)×U(2)×U(1)×U(1). So, the bifundamental Wilson line super-moduli
AI will be represented as:
AI =
∑
aabI eab +
∑
θa˜abI eab, [(a, b) = 1, ..., 7] , (49)
where (eab)ij = δaiδbj . Hence,
A1 =

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 ν˜e + θνe 0
0 0 0 0 0 e˜+ θe 0
0 0 0 ¯˜νe + θ¯ν¯e ¯˜e+ θ¯e¯ 0 0
0 0 0 0 0 0 0

; (50)
A2 =

0 0 0 u˜+ θu 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
¯˜u+ θ¯u† 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0

, (51)
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and
A3 =

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 e˜R + θeR
0 0 0 0 0 ¯˜eR + θ¯e
†
R 0

. (52)
A4 =

0 0 0 0 0 0 u˜R + θuR
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 0
¯˜uR + θ¯u
†
R 0 0 0 0 0 0

. (53)
Unlike the AI which correspond to matter fields corresponding to open strings stretched between two
stacks of D7 branes (with different two-form fluxes turned on their world volumes), the Higgses would
arise as a geometric moduli corresponding to the fluctuations in the position of the mobile space-time
filling D3-brane.
Now, we will see if one can construct appropriate aI (bi-fundamental) and zi(mimicking bi-
fundamental fields) such that (29), (50) - (53), as well as:
Z1 =

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 Hu + θH˜u 0
0 0 0 0 0 0 0
0 0 0 H¯u + θ¯H˜
†
u 0 0 0
0 0 0 0 0 0 0

, (54)
and
Z2 =

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 Hd + θH˜d 0
0 0 0 0 H¯d + θ¯H˜
†
d 0 0
0 0 0 0 0 0 0

, (55)
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are satisfied. Guided by (49), we will make the following ansatze for aI and zi:
aI =

0 0 0 a14I a
15
I a
16
I a
17
I
0 0 0 a24I a
25
I a
26
I a
27
I
0 0 0 a34I a
35
I a
36
I a
37
I
a¯14I a¯
24
I a¯
34
I 0 0 a
46
I a
47
I
a¯15I a¯
25
I a¯
35
I 0 0 a
56
I a
57
I
a¯16I a¯
26
I a¯
36
I a¯
46
I a¯
56
I 0 a
67
I
a¯17I a¯
27
I a¯
37
I a¯
47
I a¯
57
I a¯
67
I 0

,
zi =

0 0 0 z14i z
15
i z
16
i z
17
i
0 0 0 z24i z
25
i z
26
i z
27
i
0 0 0 z34i z
35
i z
36
i z
37
i
z¯14i z¯
24
i z¯
34
i 0 0 z
46
i z
47
i
z¯15i z¯
25
i z¯
35
i 0 0 z
56
i z
57
i
z¯16i z¯
26
i z¯
36
i z¯
46
i z¯
56
i 0 z
67
i
z¯17i z¯
27
i z¯
37
i z¯
47
i z¯
57
i z¯
67
i 0

. (56)
Using (56) in (29), one obtains 17×6 = 102 equations in 102 variables. The same can be solved (using
Mathematica) to yield the following solution:
a1 =

0 0 0 ξ141 V−
7
5 u˜L 0 0 ξ
17
1 V−
11
5 u˜R
0 0 0 0 0 0 0
0 0 0 0 0 0 0
ξ141 V−
7
5 ¯˜uL 0 0 0 0 ξ
46
1
(
e˜L
2 + V−
8
5Hu
)
0
0 0 0 0 0 ξ561 V−
8
5Hd 0
0 0 0 ξ¯461
(
¯˜eL
2 + V−
8
5 H¯u
)
ξ¯561 V−
8
5 H¯d 0 −ξ671 V−
4
5 eR
ξ¯171 V−
11
5 ¯˜uR 0 0 0 0 −ξ¯671 V−
4
5 ¯˜eR

,
a2 =

0 0 0 0.3ξ142 u˜L 0 0 ξ
17
2 V−
13
5 u˜R
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0.3ξ142
¯˜uL 0 0 0 0 ξ
46
2
(
−V− 75 e˜L + V− 45Hu
)
0
0 0 0 0 0 5ξ562 V−
6
5Hd 0
0 0 0 ξ¯462
(
−V− 75 ¯˜eL + V− 45 H¯u
)
5ξ¯562 V−
6
5 H¯d 0 −ξ672 V−
9
5 eR
ξ¯172 V−
13
5 ¯˜uR 0 0 0 0 −ξ¯672 V−
9
5 ¯˜eR

,
a3 =

0 0 0 ξ143
u˜L
V 0 0 −6ξ173 u˜RV
0 0 0 0 0 0 0
0 0 0 0 0 0 0
ξ¯143
¯˜uL
V 0 0 0 0 ξ
46
3
(
−V− 45 e˜L + V− 85Hu
)
0
0 0 0 0 0 ξ563 V−
11
5 Hd 0
0 0 0 ξ¯463
(
−V− 45 e˜L + V− 85Hu
)
5ξ¯563 V−
11
5 H¯d 0 0.3ξ
67
3 eR
ξ¯173 V−
13
5 ¯˜uR 0 0 0 0 0.3ξ¯
67
3
¯˜eR

,
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a4 =

0 0 0 0.08ξ144 u˜L 0 0 0.2ξ
17
4 u˜R
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0.08ξ¯144
¯˜uL 0 0 0 0 ξ
46
4 V−
7
5 e˜L 0
0 0 0 0 0 ξ564 V−
14
5 Hd 0
0 0 0 ξ¯464 V−
7
5 ¯˜eL ξ¯
56
4 V−
14
5 H¯d 0 −7ξ674 eR
0.2ξ¯174
¯˜uR 0 0 0 0 −7ξ¯674 ¯˜eR

, (57)
and
z1 =

0 0 0 α141
u˜L
V 0 0 5α
17
1 V−
14
5 u˜R
0 0 0 0 0 0 0
0 0 0 0 0 0 0
α¯141
¯˜uL
V 0 0 0 0 α
46
1
(
V− 95 e˜L − Hu√2
)
0
0 0 0 0 0 α561
Hd√
2
0
0 0 0 α¯461
(
V− 95¯˜ eL − H¯u√2
)
α¯561
H¯d√
2
0 α671 V−
11
5 eR
5α¯171 V−
14
5 ¯˜uR 0 0 0 0 α¯
67
1 V−
11
5 ¯˜eR

,
z2 =

0 0 0 α142 V−
4
5 u˜L 0 0 5α
17
2 V−
13
5 u˜R
0 0 0 0 0 0 0
0 0 0 0 0 0 0
α¯142 V−
4
5 u¯L 0 0 0 0 α
46
2
(
6V− 85 e˜L − Hu√2
)
0
0 0 0 0 0 −α562 Hd√2 0
0 0 0 α¯462
(
V− 85¯˜ eL − H¯u√2
)
−α¯562 H¯d√2 0 α672
e˜R
V−2
5α¯172 V−
13
5 ¯˜uR 0 0 0 0 α¯
67
2
¯˜eR
V−2

(58)
In (57) and (58), ξabI,i, 1 ≤ a ≤ 6, 1 ≤ b ≤ 7 are O(1) numbers. Now, from (B2), the intersection matrix
can be written as:
CIJ¯ =

c11V10/9 c12V11/18 c13V29/18 c14V19/9
c12V11/18 c22 9
√
V c23V10/9 c24V29/18
c13V29/18 c23V10/9 c33V10/9 c34V47/18
c14V19/9 c24V29/18 c34V47/18 c44V28/9
 , (59)
where cab, 1 ≤ a, b ≤ 4 are O(1) numbers. Assuming that the complex structure moduli za˜=1,...,h
2,1
− (CY3)
are stabilized at very small values, which is in fact already assumed in writing (2) which has been
written upon inclusion of terms up to linear in the complex structure moduli, let us define a modified
intersection matrix in the aI − zi moduli space:
CIJ = CIJ¯ , I = I,J = J¯ ;
CIJ = µ3
(
2πα′
)2
(ωα)
ij¯ , I = i,J = j¯;
CIJ = 0, I = I,J = j¯, etc.. (60)
Now, from (57) and (58), one can show that for |zi| ∼ 0.8V 136 , V ∼ 105:
CIJ¯ Tr(MIM†J ) ∼ Ca1a¯1 |e˜L|2 + Ca2a¯2 |u˜L|2 + Ca3a¯3 |e˜R|2 + Ca4a¯4 |u˜R|2 + µ3
(
2πα′
)2 |Hu|2,(61)
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where MI ≡ aI , zi. Now, using (29), one can show that in the large volume limit: CAI A¯J¯ ∼
CaI a¯J¯ , CZiZ¯j¯ ∼ Cziz¯j . Clubbing together the Wilson line moduli and the D3-brane position mod-
uli into a single vector: MΛ ≡ AI ,Zi, then one sees from (50) - (55), and (61):
CΛΣ¯Tr
(
MΛM†Σ
)
∼ CIJ¯ Tr(MIM†J ). (62)
In the large volume and rigid limit of ΣB(ζ
A = 0 which corresponds to a local minimum), perhaps
CΛΣ¯Tr
(
MΛM†Σ
)
is invariant under moduli transformations in the (AI ,Zi)/(aI , zi)-subspace of the
open-string moduli space, which would imply that CIJ¯aI a¯J¯ + µ3 (α
′)2 (ωB)ij¯ z
iz¯j¯ for multiple D7-
branes, in a basis that diagonalizes gMIM¯J¯ at stabilized values of the open string moduli, is replaced
by (61).
For the purpose of evaluation of (N)LSP decays in the subsequent sections, we will be using the
following terms (written out in four-component notation or their two-component analogs and utiliz-
ing/generalizing results of [16]) in the N = 1 gauged supergravity action of Wess and Bagger [12] with
the understanding that mmoduli/modulini << mKK
(
∼ Ms
V 16
∣∣∣∣∣
V∼105/6
∼ 1014GeV
)
,Ms =
Mp√
V
∣∣∣∣∣
V∼105/6
∼
1015GeV , and that for multiple D7-branes, the non-abelian gauged isometry group3, corresponding
to the killing vector 6iκ24µ7 (2πα
′)QB∂TB , QB = (2πα
′)
∫
ΣB
i∗ωB ∧P−f˜ arising due to the elimination
of of the two-form axions D
(2)
B in favor of the zero-form axions ρB under the KK-reduction of the
ten-dimensional four-form axion [16] (which results in a modification of the covariant derivative of TB
by an additive shift given by 6iκ24µ7 (2πα
′)Tr(QBAµ)) can be identified with the SM group (i.e. Aµ
is the SM-like adjoint-valued gauge field [12]):
L = gYMgTB J¯ Tr
(
XTB χ¯J¯L λg˜, R
)
+ igIJ¯ Tr
(
χ¯I¯L
[
/∂χIL + Γ
i
Mj /∂a
MχJL +
1
4
(
∂aMK/∂aM − c.c.
)
χIL
])
+
e
K
2
2
(DI¯DJ W¯)Tr (χILχJR)+ gTB T¯BTr [(∂µTB −AµXTB) (∂µTB −AµXTB)†]
+gTBJ Tr
(
XTBAµχ¯
J
L γ
νγµψν, R
)
+ ψ¯L, µσ
ρλγµλg˜, LFρλ + ψ¯L, µσ
ρλγµλg˜, LW
+
ρ W
−
λ
+Tr
[
λ¯g˜, L /A
(
6κ24µ7(2πα
′)QBK +
12κ24µ7(2πα
′)QBvB
V
)
λg˜, L
]
+
eKGTB T¯B
κ24
6iκ24(2πα
′)Tr
[
QBA
µ∂µ
(
κ24µ7(2πα
′)2CIJ¯aI a¯J¯
)]
+ h.c., (63)
To evaluate the contribution of various 3-point interaction vertices in context ofN = 1 supergravity
defined above, one needs to evaluate the full moduli space metric in fluctuations linear in different
kind of moduli corresponding to different SM particles . The expansion of moduli space metric, its
inverse and derivatives w.r.t to each moduli in terms of fluctuations linear in zi → z1 + V 136Mp, a1 →
a1+V− 29Mp, a2 → a2+V− 13Mp, a3 → a3+V−
13
18Mp, a3 → a3+V− 119 Mp are given in appendix D. One
can show that near (5) along which |z1| and |z2| are on the same footing.
3As explained in [16], one of the two Pecci-Quinn/shift symmetries along the RR two-form axions ca and the zero-form
axion ρB gets gauged due to the dualization of the Green-Schwarz term
∫
R1,3
dD
(2)
B ∧A coming from the KK reduction
of the Chern-Simons term on ΣB ∪σ(ΣB) - D(2)B being an RR two-form axion. In the presence of fluxes (48) for multiple
D7-brane fluxes, the aforementioned Green-Schwarz is expected to be modified to Tr
(
QB
∫
R1,3
dD
(2)
B ∧ A
)
, which after
dualization in turn modifies the covariant derivative of TB and hence the killing isometry.
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Figure 1: Two-body gravitino decay: ψµ → ν + γ
3 Gravitino Decays
The generation of mass scales of superpartners and realization of µ split SUSY in the context of Big
Divisor D3 − D7 type IIB string compactifications provides us with the gravitino as the L(ightest)
S(upersymmetric) P(article) and sleptons/squarks as N(ext-to) L(ightest) S(upersymmetric) P(article)s
with (Bino/Wino-type)gaugino/(Bino/Wino-type)gaugino-dominant neutralino, in the dilute-flux ap-
proximation, only differing in their masses by an O(1) factor. This helps in shedding some light on
identifying a viable dark matter candidate in this framework. Decays of the gravitino, are, in gen-
eral, driven by any of the trilinear R-violating couplings which necessarily involve squark or slepton
as propagators. In MSSM, stability of LSP is governed by conserved R-parity however same is not a
restrictive condition in “ µ split SUSY”. Some of the R-parity-violating interactions are not necessarily
negligible and the consideration of LSP to be a viable dark matter candidate needs the contribution of
the same to be evaluated. Here, the large squark masses in µ-split SUSY helps to suppress the decay
width. In BSM/2HDM models, one considers R-parity violating coupling generated from R-parity
violating superpotential. However, here we consider the possible R-parity violating couplings in the
effective N = 1 gauged supergravity action and by evaluating the same, we explicitly calculate the
decay width and hence life time of gravitino.
In this section, we discuss R-parity violating two-body and three-body gravitino decays and show
that the corresponding lifetimes are either of the order or more than the age of the universe which
supports the argument that gravitino can exist as a viable dark matter candidate.
3.1 Two-Body Gravitino Decays
We discuss the decays of the gravitino into neutrino and gauge bosons as well as the light Higgs and
neutrinos.
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〈ν˜〉
ν
λ˜0
Figure 2: Gaugino-〈sneutrino〉-neutrino vertex
In N = 1 SUGRA the gaugino-〈sneutrino〉-neutrino vertex, Fig. 16, is given by:
O(a1)− term in
gYMgTB a¯1X
TB(√
KA1A¯1
)2 ∼ V− 119104 . (64)
Similarly the gravitino-gauge-boson-〈ν˜〉 − ν-vertex in the N = 1 SUGRA Lagrangian is given by the
O(a1)-term in gYMga1T¯BXT
B
Z0/Aµν¯γ
νγµψν , which is:
gYM ga1T¯B
XT
B
(√
KA1A¯1
)2 ∼ V−119104 . Using [25], one sees
that the lifetime of the decay ψµ → γ + νe is given by:
Γ (ψµ → γ + νe) = 1
64π
(〈A1〉
〈Zi〉
)2 m33/2
M2p
∣∣∣Uγ˜Z˜ ∣∣∣2
(
V −
11
9
104
)2
∼ 1
64π
(
〈V− 29 〉
V 136
)2
m23/2
M2p
m2Z
(
Mλ1 −Mλ2
Mλ1Mλ2
)2
sin2θW cos
2θW
(
V −
11
9
104
)2
. (65)
We have a gaugino mass degeneracy (up to O(1) factors) implying: Mλ1 ∼ Mλ2 . One hence gets a
very small decay width and an extremely enhanced lifetime.
Again, using (64) and [25], the decay width for ψµ → Z + ν is given by:
Γ (ψµ → Z + ν) ∼ 1
64π
(〈A1〉
〈Zi〉
)2 m33/2
M2p
(
1− M
2
Z
m23/2
)2(
V −
11
9
104
)2
×
[(
MZ
Mλ
)2
×O(1) +O(1)
∣∣∣∣1 + sinβcosβ( M2ZMλµˆZ1Z2
)∣∣∣∣2 + ( MZm3/2
)(
mZ
Mλ
)(
1 + sinβcosβ
(
M2Z
MλµˆZ1Z2
))
×O(1)
]
∼ V
− 1
2
−6− 22
9
64π × 108 ×O(1)Mp. (66)
Using MZ ∼ 90GeV ; mλ ∼ V 23m 3
2
and µˆZ1Z2 ∼ Vm 3
2
from equations (B13) and (B25)
Γ ∼ V
− 1
2
−6− 22
9
64π × 108 ×O(1)Mp. (67)
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Figure 3: Two-body gravitino decay: ψµ → Z0 + ν
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Figure 4: Two-body gravitino decay: ψµ → h+ ν
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Figure 5: Gravitino-gaugino-Higgs vertex
This, for V ∼ 105 yields τ ∼ 1022s. The mass-like insertion is given by m2ν˜h, which is the coefficient
of ν˜h in the N = 1 SUGRA action. To estimate this, we note that near |z1| ∼ |z2| ∼ 0.7V 136 , |a1| ∼
V− 29 , |a2| ∼ V− 19 , |a3| ∼ V− 1318 , |a4| ∼ V− 119 , the potential can be approximated by
V ∼ eKGTS T¯S |DTSW |2
∼ z
72e−2ns(vol(ΣS )+µ3z2)
√
V 118 + µ3z2
V +
(
V 23 + (α12V 518 + α13V 89 + α14V 89 )a1 + (α11V 109 a1 + α12V 518 + α13V 89 + α14V 89 )|a1|+ µ3z2
) 3
2 −
(
V 118 + µ3z2
) 3
2
.
(68)
The coefficient of the O
(
(z − 0.6V 136 )(a1 − V− 29 )
)
/
√
KZ1Z¯1KA1A¯1 in (68) turns out to be:
m2ν˜h ∼ V
23
18m23/2 × 10−16. (69)
The gravitino-gaugino-Higgs vertex: will be given by the following term in the N = 1 SUGRA
action:
gYMD
TB ψ¯µγ
µλ = 0, on shell gravitino. (70)
Hence, the second diagram involving a gaugino NLSP, does not contribute. However, if the gaugino is
replaced by a neutralino, then the Higgsino-component of this neutralino will contribute via the term:
gZ1Z¯1∂νZ1ψ¯µRγνγµH˜0L + h.c. (71)
in N = 1 SUGRA action. This yields a vertex:
f˜
gZ1Z¯1γµ/k(√
KZ1Z¯1
)2 ∼ f˜γµ/k. (72)
Further, the Higgsino-〈ν˜e〉-νe vertex will be given by O(a1−zi) term in eK2
(Da¯1DziW¯) ν¯e LH˜0R, which
after assigning 〈zi〉 a value of ∼ V 136 yields:
f˜V− 6136 〈νe〉. (73)
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Figure 6: Three-body gravitino decays involving /Rp λijk coupling
Hence, using (72), (73) and [25]:
Γ (ψµ → h+ νe) ∼ 1
384π
(
m33/2
M2p
) ∣∣∣∣∣ m2ν˜ehm2h −m2ν˜e + sinβcosβ m
2
Z
Mg˜µˆZ1Z¯2
〈νe〉
〈Zi〉 f˜
2V− 6136
∣∣∣∣∣
2
∼ 10−3V−6+ 59 × 10−32Mp
∣∣∣∣∣
V∼105
∼ 10−60Mp, (74)
which yields a lifetime of around 1017s.
3.2 Three-Body R-parity Violating Gravitino Decays
In this subsection we will be considering gravitino decays involving three types of R-parity violating
vertices that appear in R-parity violating superpotentials [26]:
W/Rp = λijkLiLjE
c
k + λ
′
ijkLiQjD
c
k + λ
′′
ijkU
c
iD
c
jD
c
k + µiHLi.
Decays involving λijk coupling
• Using the same approach as discussed to calculate R-parity violating interaction term in the
previous (sub)section(s), the ν˜iL−ejL−ekR vertex corresponding to Fig. 20(a) is given by considering
the contribution of following term:
L = e
K
2
2
(DA1DA3W ) χ¯A1χA3 ,
where
Da1Da3W = ∂a1∂a3W + (∂a1∂a3K)W + ∂a1KDa3W + ∂a3KDa1W − (∂a1K∂a3K)W − Γka1a3DkW,
where a3, zi correspond to undiagonalized moduli fields. By expanding above in the fluctuations linear
in a1 → a1 + V− 29Mp , on simplifying
e
K
2
2
Da1Da3W ∼ V−
19
72 δa1
Utilizing above, the ν˜iL − ejL − ekR vertex will be given by
e
K
2 DA1DA3WχA1χA3 ∼ e
K
2 Da1Da3WχA1χA3 ∼ V−
19
72 δA1χA1χA3
23
and physical vertex will be given as
C ν˜iLejLekR ∼ V
− 19
72√
KˆA1A¯1KˆA1A¯1KˆA3A¯3
∼ V
− 19
72√
1015
∼ V− 74 , for V ∼ 105. (75)
•
Similarly, e˜jL − νiL − ekR vertex of Fig. 20(b) is same as ν˜iL − ejL − ekR vertex corresponding to
Fig. 20(a) and given as:
C e˜jLνiLekR ∼ C ν˜iLejLekR ∼ V− 74 . (76)
•
The e˜kR − ν¯ciR − ejL vertex corresponding to Fig. 20(c) comes from:
e
K
2
2
(DA¯1DA1W )χAc1χA1 .
In terms of undiagonalized basis,
Da¯1Da1W = (∂a¯1∂a1K)W + ∂a¯1KDa1W + ∂a1KDa¯1W − (∂a¯1K∂a1K)W.
By expanding above in the fluctuations linear in a3 → a3 + V− 1318Mp by utilizing equations (27) and
(31), on simplifying
e
K
2
2
Da1Da¯1W ∼ V−
1
3 δa3,
implying that the lepton-squark-quark vertex is given by:
e
K
2 DA¯1DA1Wχ¯A
c
1χ¯A1 ∼ eK2 Da¯1Da1WχA
c
1χA1 ∼
(
V− 13 δA3
)
χA
c
1χA1 ,
(77)
and physical vertex will be given as:
C e˜kRν¯
c
iLejL ∼ V
− 1
3√
KˆA1A¯1KˆA1A¯1KˆA3A¯3
∼ V
− 1
3√
1015
∼ V− 74 , for V ∼ 105. (78)
Now, the matrix amplitude for all three Feynman diagrams corresponding to Fig. 20 will be given as:
|M |2 = |Ma +Mb +Mc|2 (79)
The analytical results for the full matrix amplitude summed over spins in terms of pure and cross
terms are given in [26]. Utilizing their results, we will estimate matrix amplitude for all for both pure
and cross terms to calculate decay width for the process ψµ→νiej e¯k in our set up. Strictly speaking, we
will be neglecting fermion mass as compared to gravitino and squark masses. Introducing kinematic
variables
2p(νi) · p(ej) = (1− zek)m23/2, 2p(ej) · p(ek) = (1− zνi)m23/2, 2p(νi) · p(ek) = (1− zej )m23/2. (80)
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In view of above, we can express the following definitions in terms of kinematic variables as given
below:
m2ij = (p(νi) + p(ej))
2 ∼ 2p(νi).p(ej) = (1− zek)m23/2
m2jk = (p(ej) + p(ek))
2 ∼ 2p(ej).p(ek) = (1− zνi)m23/2
m2ik = (p(νi) + p(ek))
2 ∼ 2p(νi).p(ek) = (1− zej)m23/2, (81)
utilizing the form of expressions given in the appendix of [26]
|Ma|2 = 1
3
(C ν˜iLejLekR)2
M2pl(m
2
jk −m2ν˜iL)2
(m23/2 −m2jk +m2νi)(m2jk −m2ej −m2ek)((m23/2 +m2jk −m2νi)2
4m23/2
−m2jk
)
, (82)
After simplifying using (106), we have
|Ma|2 = 1
3
(C ν˜iLejLekR)2
M2pl((1− zei)m23/2 −m2ν˜iL)2
[zνi(1− zνi)(
z2νi
4
)],
∼ 1
3
(C ν˜iLejLekR)2
M2plm
4
ν˜iL
[zνi(1− zνi)(
z2νi
4
)] (83)
Here we have neglected gravitino mass as compared to sfermion mass. With same steps of similar
procedure, we have
|Mb|2 = 1
3
(C e˜LνLeR)2
M2pl(m
2
ik −m2e˜jL)2
(m23/2 −m2ik +m2ej)(m2ik −m2νi −m2ek)((m23/2 +m2ik −m2ej )2
4m23/2
−m2ik
)
∼ 1
3
(C e˜LνLeR)2
M2pl(m
2
e˜jL
)2
[zej (1− zej )(
z2ej
4
)] (84)
|Mc|2 = 1
3
(C e˜Rν¯
c
ReL)2
M2pl(m
2
ij −m2e˜kR)2
(m23/2 −m2ij +m2ek)(m2ij −m2νi −m2ej)((m23/2 +m2ij −m2ek)2
4m23/2
−m2ij
)
∼ 1
3
(C e˜Rν¯
c
ReL)2
M2pl(m
2
e˜kR
)2
[zek(1− zek)(
z2ek
4
)] (85)
2Re(MaM
†
b ) =
1
3
(C ν˜iLejLekR .C e˜LνLeR)
M2pl(m
2
jk −m2ν˜iL)(m2ik −m2e˜jL)
[
(m2ikm
2
jk −m23/2m2ek −m2νim2ej )(
(m23/2 +m
2
ek
−m2νi −m2ej)−
1
2m23/2
(m23/2 +m
2
jk −m2νi)
25
(m23/2 +m
2
ik −m2ej)
)
+
1
2
(m2ij −m2νi −m2ej)(m2jk −m2ej −m2ek)
(m2ik −m2νi −m2ek)−
m2νi
2
(m2jk −m2ej −m2ek)2 −
m2ej
2
(m2ik −m2νi −m2ek)2
−m
2
ek
2
(m2ij −m2νi −m2ej)2 + 2m2νim2ejm2ek
]
∼ 2
3
(C ν˜iLejLekR .C e˜LνLeR)
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1− zej )(−1− zek + 2zνi + 2zej − zνi .zek) (86)
2Re(MbM
†
c ) =
1
3
(C e˜LνLeR .C e˜Rν¯
c
ReL)
M2pl(m
2
ik −m2e˜jL)(m2ij −m2e˜kR)
[
(m2ijm
2
ik −m23/2m2νi −m2ejm2ek)(
(m23/2 +m
2
νi −m2ej −m2ek)−
1
2m23/2
(m23/2 +m
2
ik −m2ej)
(m23/2 +m
2
ij −m2ek)
)
+
1
2
(m2ij −m2νi −m2ej)(m2jk −m2ej −m2ek)
(m2ik −m2νi −m2ek)−
m2νi
2
(m2jk −m2ej −m2ek)2 −
m2ej
2
(m2ik −m2νi −m2ek)2
−m
2
ek
2
(m2ij −m2νi −m2ej)2 + 2m2νim2ejm2ek
]
∼ 2
3
(C e˜LνLeR .C e˜Rν¯
c
ReL)
M2plm
2
ν˜iL
m2e˜jL
(1− zej )(1− zek)(−1− zνi + 2zej + 2zek − zej .zek), (87)
2Re(MaM
†
c ) =
1
3
(C ν˜iLejLekR .C e˜Rν¯
c
ReL)
M2pl(m
2
jk −m2ν˜iL)(m2ij −m2e˜kR)
[
(m2ijm
2
jk −m23/2m2ej −m2νim2ek)(
(m23/2 +m
2
ej −m2νi −m2ek)−
1
2m23/2
(m23/2 +m
2
jk −m2νi)
(m23/2 +m
2
ij −m2ek)
)
+
1
2
(m2ij −m2νi −m2ej)(m2jk −m2ej −m2ek)
(m2ik −m2νi −m2ek)−
m2νi
2
(m2jk −m2ej −m2ek)2 −
m2ej
2
(m2ik −m2νi −m2ek)2
−m
2
ek
2
(m2ij −m2νi −m2ej)2 + 2m2νim2ejm2ek
]
∼ 2
3
(C ν˜iLejLekR .C e˜Rν¯
c
ReL)
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1− zek)(−1− zej + 2zνi + 2zek − zνi .zek), (88)
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Utilizing the results from (82)- (88), (79) one gets the following form:
|M |2 = 1
3
(C ν˜iLejLekR)2
M2plm
4
ν˜iL
[zνi(1− zνi)(
z2νi
4
)] +
1
3
(C e˜LνLeR)2
M2pl(m
2
e˜jL
)2
[zej (1− zej)(
z2ej
4
)]
+
1
3
(C e˜Rν¯
c
ReL)2
M2pl(m
2
e˜kR
)2
[zek(1− zek)(
z2ek
4
)]
+
2
3
(C ν˜iLejLekR · C e˜LνLeR)
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1− zej )(−1− zek + 2zνi + 2zej − zνi .zek)
+
2
3
(C e˜LνLeR · C e˜Rν¯cReL)
M2plm
2
ν˜iL
m2e˜jL
(1− zej )(1− zek)(−1− zνi + 2zej + 2zek − zej .zek) +
2
3
(C ν˜iLejLekR · C e˜Rν¯cReL).
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1 − zek)(−1− zej + 2zνi + 2zek − zνi .zek). (89)
The differential decay rate follows:
d2Γ
dzejdzek
=
Ncm3/2
28π3
(
1
2
∑
spins
|M|2
)
(90)
Putting the result of |M |2 from above,
d2Γ
dzejdzek
∼ Ncm3/2
29π3
1
3
[
(C ν˜iLejLekR)2
M2plm
4
ν˜iL
[zνi(1− zνi)(
z2νi
4
)] +
1
3
(C e˜LνLeR)2
M2pl(m
2
e˜jL
)2
[zej (1− zej )(
z2ej
4
)]
+
1
3
(C e˜Rν¯
c
ReL)2
M2pl(m
2
e˜kR
)2
[zek(1− zek)(
z2ek
4
)]
+
2
3
(C ν˜iLejLekR · C e˜LνLeR)
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1 − zej)(−1 − zek + 2zνi + 2zej − zνi .zek)
+
2
3
(C e˜LνLeR · C e˜Rν¯cReL)
M2plm
2
ν˜iL
m2e˜jL
(1− zej )(1− zek)(−1− zνi + 2zej + 2zek − zej .zek) +
2
3
(C ν˜iLejLekR · C e˜Rν¯cReL).
M2plm
2
ν˜iL
m2e˜jL
(1− zνi)(1− zek)(−1− zej + 2zνi + 2zek − zνi .zek)] (91)
Using the same approach as given in (203),
0 < zej < 1, 1− zj < zek < 1. (92)
and using the numerical estimates of masses, m3/2 ∼ V−2Mp,m2ν˜iL = m2e˜jL = m2e˜kR ∼ mA1 ∼ V
1
2m3/2
as given in equation (B21), after integrating, decay width reduces to
Γ ∼
Ncm
7
3/2
(29.3.120)π3.M2pl.V2m43/2
[
(C ν˜iLejLekR)2 + (C e˜LνLeR)2 + (C e˜Rν¯
c
ReL)2
+
3
4
(
(C ν˜iLejLekR · C e˜LνLeR) + (C e˜LνLeR · C e˜Rν¯cReL) + (C ν˜iLejLekR · C e˜Rν¯cReL)
)
]. (93)
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Figure 7: Three-body gravitino decays involving /Rp λ
′
ijk coupling
Utilizing the set of results given in equation no (75) - (78), decay width simplifies to
Γ ∼
Ncm
7
3/2
(29.3.120)π3 .M2pl.V2m43/2
(V− 72 )
∼ 1
106
V− 112 .m33/2
M2pl
∼ 10−45.5GeV ; for V ∼ 105. (94)
Life time will be given as
τ =
~
Γ
∼ 10
−34Jsec
10−45.5GeV
∼ O(1021)sec. (95)
Decays involving λ′ijk coupling
• The ν˜L − djL − dkR vertex corresponding to figure 3(a) and l˜L − uL − dcL vertex calculated in
section 4 get identified with same set of moduli space superfields and given by similar interaction
vertex. Therefore contribution of ν˜L − djL − dkR vertex is same as l˜L − uL − dcL given in (175).
C ν˜LdjLdkR ∼ V− 53 ν˜LdjLdkR, for V ∼ 105 (96)
• The d˜jL − νiL − dkR vertex corresponding to figure 3(b) and u˜L − lL − dcL vertex calculated in
section 4 get identified with same set of moduli space superfields and given by similar interaction
vertex. Therefore contribution of d˜jL − νiL − dkR vertex is same as u˜L − lL − dcL given in (190)
C d˜jLνiLdkR ∼ V− 53 , for V ∼ 105 (97)
• This time, d˜kR− ν¯ciR− djL vertex corresponding to Fig. 21(c) and d˜R− lL−uL vertex calculated
in section 4 get identified with same set of moduli space superfields and given by similar interaction
vertex . Hence, contribution of d˜kR − ν¯ciR − djL vertex is a same as d˜R − lL − uL given in (183)
C d˜kRν¯
c
iRdjL ∼ V− 53 , for V ∼ 105. (98)
The analytical result of matrix amplitude for all three Feynman diagrams corresponding to Fig. 21
is same as calculated in Fig. 20 by replacing mν˜iL → mν˜iL (me˜iL), me˜jL → md˜jL (mu˜jL) and me˜kR →
md˜kR (md˜kR) and C
ν˜iLejLekR → C ν˜iLdjLdkR , C e˜jLνiLekR → C d˜jLνiLdkR . C e˜kRν¯ciRejL → C d˜kRν¯ciRdjL . Doing
28
ψµ djL
dckL
uiR
u˜iR
(a)
ψµ uiL
dckL
djR
d˜jR
(b)
Figure 8: Three-body gravitino decays involving /Rp λ
′′
ijk coupling
so and using same numerical estimates of masses, m3/2 ∼ V−2Mp,m2ν˜iL = m2d˜jL = m
2
d˜kR
∼ V 12m3/2 in
our set up, after integrating, decay width reduces to
Γ ∼
Ncm
7
3/2
(29.3.120)π3.M2pl.V2m43/2
[
(C ν˜iLdjLdkR)2 + (C d˜jLνiLdkR)2 + (C d˜kRν¯
c
iLdjL)2
+
3
4
(
(C ν˜iLdjLdkR · C d˜jLνiLdkR) + (C d˜LνLdkR · C d˜kRν¯ciLdjL) + (C ν˜iLdjLdkR · C d˜kRν¯ciRdjL)
)]
. (99)
Utilizing the set of results given in equation no (75) - (78), decay width simplifies to
Γ ∼
Ncm
7
3/2
(29.3.120)π3 .M2pl.V2m43/2
(V− 103 )
∼ 1
106
V− 163 .m33/2
M2pl
∼ 10−44GeV ; for V ∼ 105 (100)
Life time will be given as
τ =
~
Γ
∼ 10
−34Jsec
10−44GeV
∼ O(1020)sec (101)
Decays mediated via λ′′ijk coupling
• The u˜iR − djR − dckL vertex corresponding to Fig. 22(a) arises from:
e
K
2
2
(DA¯4DA4W )χAc4χA4 .
In terms of undiagonalized basis,
Da¯4Da4W = (∂a¯4∂a4K)W + ∂a¯4KDa4W + ∂a4KDa¯4W − (∂a¯4K∂a4K)W.
By expanding above in the fluctuations linear in a4 → a4 + V− 119 Mp by utilizing equations (27) and
(31), on simplifying one obtains:
e
K
2
2
Da4Da¯4W ∼ V
13
6 δa4,
29
implying that the contribution of quark-squark-quark vertex is given as under:
e
K
2 DA¯4DA4Wχ¯A
c
4χ¯A4 ∼ eK2 Da¯4Da4WχA
c
4χA4 ∼
(
V 136 A4
)
χA
c
4χA4 ,
(102)
and the physical vertex will be given as following:
C u˜iRdjRd
c
kL ∼ V
13
6√
KˆA4A¯4KˆA4A¯4KˆA4A¯4
∼ V
13
6√
1036
∼ V− 4330 u˜iRdjRdckL, for V ∼ 105. (103)
• Similarly, the d˜jR−dckL−uiR vertex of Fig. 21(b) is same as u˜iR−djR−dckL vertex corresponding
to Fig. 21(a) and is given as under:
C d˜jRd
c
kLuiR ∼ C u˜iRdjLdckL ∼ V− 4330 d˜jRdckLuiR, for V ∼ 105. (104)
Again, introducing kinematic variable
2p(ui) · p(dj) = (1− zdk)m23/2, 2p(dj) · p(dk) = (1− zui)m23/2, 2p(ui) · p(dk) = (1− zdj )m23/2. (105)
and
m2ij = (p(ui) + p(dj))
2 ∼ 2p(ui).p(dj) = (1− zdk)m23/2
m2jk = (p(dj) + p(dk))
2 ∼ 2p(dj).p(dk) = (1− zui)m23/2
m2ik = (p(ui) + p(dk))
2 ∼ 2p(ui).p(dk) = (1− zdj )m23/2, (106)
Here also, utilizing the form of expressions given in the appendix of [26] for λ′′ijk coupling, the full
analytical result of the squared amplitude summed over the spins for the gravitino decay reaction
ψµ
λ′′ijk→ uidjdk is the sum of the following squared amplitude and interference teramas:
|Ma|2 = Nc!
3
(CG˜uiR ˜uiRC u˜iRdjRd
c
kR)2
M2⋆ (m
2
jk −m2u˜iR)2
(m23/2 −m2jk +m2ui)(m2jk −m2dj −m2dk)((m23/2 +m2jk −m2ui)2
4m23/2
−m2jk
)
∼ 1
3
(C u˜iRdjRd
c
kR)2
M2plm
4
ν˜iL
[zui(1− zui)(
z2ui
4
)] (107)
|Mb|2 = 4Nc!
3
(C d˜jRuiRd
c
kR)2
M2⋆ (m
2
ik −m2d˜jR)
2
(m23/2 −m2ik +m2dj )(m2ik −m2ui −m2dk)
1
3
(C d˜jRuiRd
c
kR)2
M2pl(m
2
e˜jL
)2
[zdj (1− zdj )(
z2dj
4
)], (108)
2Re(MaM
†
b ) =
2Nc!
3
(C u˜iRdjRd
c
kR · C d˜jRuiRdckR)
M2⋆ (m
2
jk −m2u˜iR)(m2ik −m2d˜jR)
[
(m2ikm
2
jk −m23/2m2dk −m2uim2dj)
30
(
(m23/2 +m
2
dk
−m2ui −m2dj )−
1
2m2
3/2
(m23/2 +m
2
jk −m2ui)
(m23/2 +m
2
ik −m2dj )
)
+
1
2
(m2ij −m2νi −m2ej)(m2jk −m2ej −m2ek)
(m2ik −m2νi −m2ek)−
m2νi
2
(m2jk −m2ej −m2ek)2 −
m2ej
2
(m2ik −m2νi −m2ek)2
−m
2
ek
2
(m2ij −m2νi −m2ej)2 + 2m2νim2ejm2ek
]
∼ 2
3
(C u˜iRdjRd
c
kR · C d˜jRuiRdckR)
M2plm
2
ν˜iL
m2e˜jL
(1− zui)(1− zdj )(−1− zdk + 2zui + 2zdj − zui .zdk). (109)
Decay width will be given as:
Γ ∼
Ncm
7
3/2
(29.3.120)π3.M2pl.V2m43/2
[
(C u˜iRdjRd
c
kR)2 + (C d˜jRuiRd
c
kR)2 +
3
4
(
C u˜iRdjRd
c
kR · C d˜jRuiRdckR)
)]
.(110)
Utilizing the set of results given in equation no (103) - (104), decay width simplifies to
Γ ∼
Ncm
7
3/2
(29.3.120)π3.M2pl.V2m43/2
(V− 4315 )
∼ 1
106
V− 7315 .m33/2
M2pl
∼ 10−42GeV ; for V ∼ 105, (111)
and therefore the life time will be given by:
τ =
~
Γ
∼ 10
−34Jsec
10−42GeV
∼ O(1018)sec. (112)
4 NLSP Decays
With in the approach of considering non-thermal production of Gravitino(LSP), all of the dark matter
density are produced by non thermal decays of NLSP decaying into LSP and therefore, it is important
to determine whether life time of these decays do not affect standard abundance of D, 3He, 4He, and
7Li, and hence predictions of BBN. The Big bang nucleosynthesis predicts the universal abundances of
D, 3He, 4He, and 7Li, essentially fixed by average lifetime τ ∼ 180sec. In our study, we are considering
both radiative as well as hadronic decay modes of N(LSP)’s. Therefore, if life time of NLSP’s are more
than 102 sec, the high energy photons emitted via radiative decay might destroy the abundance of light
elements by inducing photo-dissociation of same, hence reducing the standard baryon-to-photon ratio
and resulting in baryon-poor universe . Similarly, during the hadronic decay, the released hadronic
energy can produce mesons/charged pions causing interconversions between background proton and
neutron (p / n conversion) that alters the neutron-to proton ratio, resulting in the change of 4He
abundance and hence destroying this success of standard BBN. The bounds on primordial abundance
of late decaying particle, taking into account hadronic decay mode of the same, have been discussed
in detail in [27].
In view of the above discussion, we explicitly calculate the decay widths and hence life times
for possible NLSP candidates. The table of mass spectrum given in table 1 suggests that slep-
tons/squarks and (Bino/Wino-type)gaugino/(Bino/Wino-type)gaugino-dominant neutralino exists as
31
λ˜0
γ/Z
ψµ
Figure 9: Two-body gaugino-decay diagram
N(ext-to) L(ightest) S(upersymmetric) P(article)s in the dilute-flux approximation. The diagonaliza-
tion of neutralino mass matrix for the four-Wilson-line-moduli setup, similar to [11] corresponds to
smallest eigenvalue of neutralino of the order V 23m3/2 (similar as gaugino mass) given by the following
eigenvector:
χ˜03 ∼ −λ0 + f˜
(
H˜01 + H˜
0
2
)
+ charge conjugate, (113)
where H˜01,2 are the Higgsinos. We will first evaluate the lifetimes corresponding to two- and three-body
decays of Wino/Bino-type gauginos/Neutralino and gluino decay to gravitino(LSP) followed by the
lifetime corresponding to two- and three-body decays of the slepton to gravitino(LSP). In addition to
this, there is a possibility for neutralino to directly decay into ordinary quarks via R-parity violating
three-body decays and hence affect the abundance of gravitino produced by neutralino. Due to the
presence of two competing kind of decays, results of life time of both will decide, whether decay of
neutralino into ordinary quarks effects the abundance of gravitino or not. To verify the same, we have
also evaluated the three-body decay diagrams of neutralino in the context of N = 1 Supergravity
action.
4.1 Gaugino Decays
In this sub-section, we discuss two- and three-body decay modes of the Wino/Bino-type gauginos as
well as the gluino.
4.1.1 Two- and Three-Body Gaugino(Wino/Bino) Decays
The relevant gravitino-gaugino-photon/Z-boson vertex in the N = 1 SUGRA action of [12] is obtained
from 1Mp ψ¯ρσ
µνγρλ
(a)
L F
(a)
µν , (a) corresponding to the three gauge groups. The decay width for B˜ → ψµ+γ
is given by (See [28]):
Γ
(
B˜ → ψµ + γ
)
=
cos2θW
48πM2p
m5
B˜
m23/2
(
1−
m23/2
m2
B˜
)3(
1 + 3
m23/2
m2
B˜
)
∼
m5
B˜
m23/2M
2
p
(114)
For mB˜ ∼ mg˜ ∼ V
2
3m 3
2
as given in equation (B13) and m3/2 ∼ V−2Mp for ns = 2, above decay process
implies a lifetime of Bino (B˜) of around 10−30s.
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Figure 10: Three-body gaugino-decay diagram
Similarly, the decay width for B˜ → ψµ + Z is given by (See [28]):
Γ
(
B˜ → ψµ + Z
)
=
cos2θW
48πM2p
m5
B˜
m23/2
√√√√1− 2(m2ψµ
m2
B˜
+
m2Z
m2
B˜
)
+
(
m2ψµ
mB˜
− m
2
Z
m2
B˜
)2
×
(1− m23/2
m2
B˜
)2(
1 + 3
m23/2
m2
B˜
)
− m
2
Z
m2
B˜
{
3 +
m33/2
m3
B˜
(
m3/2
mB˜
− 12
)
− x
2
Z
x2
B˜
(
3−
m23/2
m2
B˜
− m
2
Z
m2
B˜
)}
∼ m
5
B˜
m2
3/2
M2p
∼ V− 83Mp. (115)
So, (115) implies a lifetime of around 10−30s.
The gauge boson-quark-anti-quark vertex will be accompanied by
gA2A¯2gYM
(
XT
B
K+iDT
B
)
(√
KA2A¯2
)2 and
value of the same has been shown to be same as its SM value i.e O(1) in [29]. Using further the results
of [28] and gaugino mass λ0 ∼ V 23m 3
2
from equation (B13), one obtains the following result for the
decay width λ0 → ψµ + u+ u¯:
Γ
(
λ0 → ψµ + u+ u¯
) ∼ g2YMm5λ0
32 (2π)3m23/2M
2
p
∼ 10−17Mp ∼ O(10), (116)
which yields a lifetime of around 10−25s.
We will now discuss three-body gaugino decays into gravitino mediated by squarks. To avoid
channel overlap, for simplicity, we will assume that the gaugino decays mediated by vector bosons and
those mediated by squarks, involve different gauginos. Utilizing the conditions ψ
(+)
µ γµ = γµψ
(−)
µ = 0,
the amplitudes for the above two diagrams can be written as:
M(a) ∼ 2pµq˜
1
Mp
(
ψ
(+)
µ (pψ)v(pq¯)
)(
i
p2q˜ −m2q˜ + iǫ
)(
u¯(pq)Vλ−q−q˜λ
(+)
g˜
)
M(b) ∼ 2pµq˜
1
Mp
(
u¯(pq)ψ
(−)
µ (pψ)v(pq¯)
)( i
p2q˜ −m2q˜ + iǫ
)(
λ
(−)
g˜ Vλ−q−q˜v(pq¯)
)
, (117)
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Figure 11: Three-body gaugino decays into the gravitino
Vλ−q−q˜ ∼ f˜V− 45 being the gaugino-quark-squark vertex. From (117), one obtains the following helici-
ties averaged sum:
∑
sψ=± 32 ,± 12 ,sq,sq¯,sλg=± 12
Ma)M
†
(a)
∼ |Vλ−q−q˜|2
pµq˜ p
ν
q˜
M2p
Tr
[
P(+)µν
(
−/pq¯ +mq¯
)]
Tr
[(
/pλg˜
+mλg˜
)(
/pq +mq
)]
,
∑
sψ=± 32 ,± 12 ,sq,sq¯,sλg=± 12
Mb)M
†
(b) ∼ |Vλ−q−q˜|2
pµq˜ p
ν
q˜
M2p
Tr
[
P(−)µν
(
/pq +mq
)]
Tr
[(
−/pλg˜ +mλg˜
)(
−/pq¯ +mq
)]
,
(118)
and utilizing u¯(pq)ψ
(−)
µ (pψ) = −ψ(+)µ (pψ)v(pq¯), λ(−)g˜ v(pq¯) = −u¯(pq)λ(+)g˜ to rewrite M(b) and therefore
obtain: ∑
sψ=± 32 ,± 12 ,sq,sq¯,sλg=± 12
ReM(a)M
†
(b) ∼ |Vλ−q−q˜|2
pµq˜ p
ν
q˜
M2p
Tr
[
P(+)µν
(
−/pq¯ +mq¯
)]
Tr
[(
/pλg˜
+mλg˜
)(
/pq +mq
)]
.
(119)
In (117) - (119), the positive and negative energy gravitino projectors are given by:
P(±) ≡ −
(
/p3/2 ±m3/2
)[(
ηµν −
p3/2,µp3/2,ν
m23/2
)
− 1
3
(
ηµσ −
p3/2,µp3/2,σ
m23/2
)(
ηνλ −
p3/2,λp3/2,λ
m23/2
)
γσγλ
]
.
(120)
A typical term that one would need to calculate is:
pµq˜ p
ν
q˜Tr
[
P(±)µν
(
η/pη +mq¯
)]
, η = ± corresponding to pη = pq/pq¯
∼ 4
{(
m2q˜ −
(
pq˜ · p3/2
)2
m23/2
)(
ηp3/2 · pη ±m3/2mη
)
−
(
pq˜µ −
pq˜ · p3/2p3/2µ
m23/2
)(
pµq˜ −
pq˜ · p3/2pµ3/2
m23/2
)(η
3
pη · p3/2 ±m3/2mη
)}
. (121)
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Figure 12: Contact-vertex three-body decay diagram
Using results of [30], to get an estimate of the decay width, one sees that:
Γ
(
W˜ → q + q¯ + ψµ
)
∼ Max
 1
m3λg˜
∫ m2λg˜
s23=m23/2
ds23
∫ m2
3/2
+m2λg˜
−s23
s13=
m2
3/2
m2
λg˜
s23
ds13
(121)|Vλ−q˜−q|2 ×
(
pλg˜ · pq +mλg˜mq
)
(s223 −m2q˜)2, (s213 −m2q˜)2, (s223 −m2q˜)(s213 −m2q˜)
∣∣∣∣∣
V∼105,mq,q¯=0

∼ Max (10−32, 10−30, 10−32)Mp = 10−28Mp, (122)
implying that the corresponding lifetime would be 10−15s.
In the approximation, mWmW˜
≈ 0, m3/2mW˜ ≈ 0 (valid in the limit of massses mW˜ ∼ V
2
3m 3
2
and m3/2 ∼
V−2Mp as given in equation (B13)), the decay width for W˜ 0 → ψµ+W++W− is given by (See [28]):
Γ
(
W˜ 0 → ψµ +W+ +W−
)
≈
g2YMm
9
W˜
34560 (2π)3m4WM
2
p
∼ V
−8M5p
M4W
, (123)
which implies a lifetime of around 10−66s. Treating the Wino/Bino gauginos as the co-NLSPs, we
hence conclude that the two- and three-body gaugino decays into the gravitino (LSP), respect the
BBN bounds. If one were to calculate similar neutralino decays into the gravitino, then for the
Higgsino contribution to the neutralino-gauge-gravitino vertex, one will have the following suppression
factor: f˜
(
f˜V− 23
)
× O(zi) term in gYM gTBz¯i√KZiZ¯i ×
〈zi〉
Mp
, which is f˜2V− 23− 53 × 10 52 . For V ∼ 105, this
is approximately, 10−17. The corresponding gaugino-gauge-gravitino vertex will, without worrying
about the gamma matrices, be of O
(
pZ
Mp
)
. Now, even at low Z-momenta, this is around 10−16 for
MZ ∼ 102GeV . Hence, the neutralino and gaugino decay (e.g., into gravitino and Z boson) widths,
will approximately be the same.
4.1.2 Gluino Decays Revisited
In this sub-section, we will readdress the gluino decays in the light of previous discussion done in [11].
The earlier discussion was made with an ambiguity in identifying the quarks with right set of wilson
line moduli. In the four Wilson line moduli framework where the first generation left handed quarks
can be identified with Wilson line modulus a2 (strictly speaking A2) and the first generation right
handed quarks get identified with a4 (strictly speaking A4) as mentioned above, by recalculating the
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Figure 13: Three-body gluino decay diagrams
moduli space metric, we briefly estimate gluino decay life time results for tree-level as well as one-loop
decays into neutralino and Goldstino, the long life time of which not only provides another signature
of µ-split supersymmetry, the gluino decay into Goldstino (longitudinal component of gravitino) also
demonstrates the invalidity of gluino as an appropriate NLSP from point of view of Dark Matter(LSP)
production of Goldstino from neutralino .
g˜→ qq¯χn
We first discuss gluino three-body decays that involve the process like g˜ → qq¯χn - g˜ being a
gaugino, q/q¯ being quark/anti-quark and χn being a neutralino. More specifically, e.g., the gluino
decays into an anti-quark and an off-shell squark and the off-shell squark decays into a quark and
neutralino. The Feynman diagrams involve gluino-quark/antivertex- squark vertex and neutralino-
quark/antiquark-squark vertex. The gluino-quark/antiquark- squark in gauged supergravity action as
also given in (186), is proportional to:
G
q/q¯A2
q˜A2
∼ f˜V− 45 q˜χq/q¯λg˜, λg˜ corresponds to gluino (124)
and from (187), contribution of physical neutralino-quark/antiquark-squark is proportional to
X
q/q¯
q˜ ∼ f˜V−
4
5 q˜χq/q¯χ˜03 (125)
Using RG analysis of coefficients of the effective dimension-six gluino decay operators as given in [31],
it was shown in [11] that these coefficients at the EW scale are of the same order as that at the squark
mass scale.
The analytical formulae to calculate decay width for three-body tree-level gluino decay channel as
given in [30] is:-
Γ(g˜ → χonqI q¯J ) =
g2s
256π3M3g˜
∑
i,j
∫
ds13ds23
1
2
Re
(
Aij(s23) +Bij(s13)− 2ǫnǫg Cij(s23, s13)
)
(126)
where the integrand is the square of the spin-averaged total amplitude and i, j = 1, 2, .., 6 are the indices
of the squarks mediating the decay. The limits of integration in (126) are given in [11]. The Aij terms in
(126) represent the contributions from the gluino decay channel involving gluino→squark+quark and
squark→neutralino+anti-quark, whereas theBij terms come from channel gluino→squark+anti-quark
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Figure 14: Diagrams contributing to one-loop two-body gluino decay
and squark→neutralino+quark. The same are defined in [11]. Utilizing the results as given in (124)
and (125), Aij
(
Tr
[
Gq¯q˜G
q¯
q˜
†
]
Tr
[
Xqq˜X
q
q˜
†
])
∼ f˜4V− 165 ∼ Bij
(
Tr
[
G
qa1
q˜a1
G
qa1
q˜a1
†
]
Tr
[
X
q¯a1
q˜a1
X
q¯a1
q˜a1
†
])
∼ f˜4V− 165 ,
C
(
Tr
[
Gq¯q˜a1
Gqq˜
†Xqq˜X
q¯
q˜
†
])
∼ f˜4V− 165 . Substituting these values for various vertex elements and
solving equation (126) by using the same limits of integration as given in [11], dominating contribution
of decay width is:
Γ(g˜ → χonqI q¯J ) ∼
g2s
256π3V2m33
2
[
f˜4V− 165 m43
2
V 103 + f˜4V− 165 V 103 m43
2
+ f˜4V− 165 V 103 m43
2
]
∼ g
2
s
256π3V2m33
2
(
f˜4V− 165 V 103 m43
2
)
∼ O(10−4)f˜4V− 195 Mp
∼ O(10−5)f˜4GeV (127)
Considering f2 ∼ 10−10 as calculated in [11] in dilute flux approximation , decay width of gluino i.e
equation (127) becomes: Γ(g˜ → χonqI q¯J ) ∼ O(10−5)f˜4 < O(10−25)GeV . Further, Life time of gluino
is given as
τ =
~
Γ
∼ 10
−34Jsec
10−5f4GeV
∼ 10
−19
f4
> 101sec (128)
g˜→ χ˜0
3
+ g
Relevant to Figs.4(a) and 4(b), the gluino-quark-squark vertex and the neutralino-quark-squark
vertex will be given by (124)- (125). As explained in [11], the quark-quark-gluon vertex relevant to
37
figure 4, from [12] is given by:
gIJ¯ χ¯
J¯ σ¯ ·A Im (XBK + iDB)χI ,
∼ gYMgA2A¯2χ¯A¯2 σ¯ · A
{
6κ24µ72πα
′QBK +
12κ24µ72πα
′QBvB
V
}
(129)
χA2 and χ¯A¯2 to quarks and antiquarks. X = XB∂B = −12iπα′κ24µ7QB∂TB corresponding to the
killing isometry vector and D term generated is given by:
DB =
4πα′κ24µ7QBv
B
V (130)
Utilizing value of gA2A¯2¯ ∼ V−
5
9 , vB ∼ V 13 , QB ∼ V 13 (2πα′)2f˜ , it has been shown in [29] that quark-
quark-gluon vertex will be of O(1).
The gauge kinetic term for squark-squark-gluon vertex, relevant to Fig.4(b) will be given by
1
κ24V2
GσB σ¯B▽˜µTB▽˜
µ
T¯B¯ . Using the value of G
σB σ¯B (EW ) = V 73 (for detailed explanation, see [29]),
the given term generates the required squark-squark-gluon vertex as follows:
6iκ24µ72πα
′QBGσB σ¯B
κ24V2
Aµ∂µ
(
κ24µ7(2πα
′)2C22¯A2A¯2¯
) GσBσ¯B∼V 73 ,−−−−−−−−−−−−−→
κ24µ7(2πα
′)2C22¯∼V
1
9
V 79 ǫ ·
(
2k − (pχ˜03 + pg˜)
)
(√
KˆA2A¯2
)2
∼ O(102)f˜V 79
[
2ǫ · k − ǫ ·
(
pχ˜03 + pg˜
)]
∼ f˜V 5345 , for V ∼ 105 (131)
In [11], it has been discusssed that behavior of Wilson coefficients corresponding to two-body
gluino decay does not change much upon RG evolution to EW scale. Using the vertices calculated
above relevant to Figs. 4(a) and 4(b), and the Feynman rules of [32], one obtains for the scattering
amplitude:
M∼ f˜3Mp
∫
d4k
(2π)4
× V− 45
(
iσ¯ · k
k2 −m2q + iǫ
)(
V− 45
) i[(
k − pG˜
)2 −m2q˜ + iǫ]

×
(
V 5345
) i[
(k − pg˜)2 −m2q˜ + iǫ
]

+f˜2Mp
∫
d4k
(2π)4
× V− 45
 i[(
k + pχ˜03
)2
−m2q˜ + iǫ
]
(V− 45)( iσ¯ · kk2 −m2q + iǫ
)
×
 iσ¯ · (k − pgµ)[(
k − pgµ
)2 −m2q + iǫ]
 (132)
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Figure 15: Different vertices relevant to one-loop gluino decay
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Using the 1-loop integrals of [33]:
1
i
∫
d4k
(2π)4
(kµ, kµkν)(
k2 −m21 + iǫ
) [
(k + p1)
2 −m22 + iǫ
] [
(k + p1 + p2)
2 −m23 + iǫ
]
= 4π2
[
p1µC11 + p2µC12, p1µp1νC21 + p2µp2νC22 + (p1µp2ν + p1νp2µ)C23 + ηµνC24
]
;
(a)m1 = mq,m2 = m3 = mq˜; p1 = −pχ˜03 , p2 = −pgµ ;
(b)m1 = m3 = mq,m2 = mq˜; p1 = pχ˜03 , p2 = −pg˜. (133)
The one loop three point functions Cij ’s relevant for cases (a) and (b) have been calculated in [11]
and are given as under:
C
(a)
24 = O(10
6), C
(b)
24 = O(10
6);
C
(a)
0 =
1
4π2
× 10−21 ∼ O(1)× 10−23GeV −2;
C
(b)
11 = O(10) × 10−16GeV −2;
C
(b)
12 = O(10) × 10−16GeV −2;
C
(b)
21 = C
(b)
22 = C
(b)
23 ∼ O(1)× 10−10GeV −2;
C
(b)
0 =
1
4π2 × 10−21 ∼ O(1)× 10−23GeV −2.
(134)
Now, equation(132) can be evaluated to yield:
u¯(pχ˜03)
(
f˜3V−0.4
[{
σ¯ · pχ˜03C
(a)
11 + σ¯ · pgµC(a)12
}
(2ǫ · pχ˜03) +
{
σ¯ · pχ˜03ǫ · pχ˜03C
(a)
21 + σ¯ · pgµǫ · pχ˜03C
(a)
23 + σ¯ · ǫC(a)24
}]
+ f˜2V−1.6
[
−
{
σ¯ · pχ˜03C
(b)
11 + σ¯ · pg˜C(b)12
}
σ¯ · ǫσ¯ · pgµ + σ¯ · pχ˜03σ¯ · ǫσ¯ · pχ˜03C
(b)
21 + σ¯ · pg˜σ¯ · ǫσ¯ · pg˜C(b)22
−
(
σ¯ · pχ˜03σ¯ · ǫσ¯ · pg˜ + σ¯ · pg˜σ¯ · ǫσ¯ · pχ˜03
)
C
(b)
23 + σ¯µσ¯ · ǫσ¯µC(b)24
])
u(pg˜), (135)
which equivalently could be rewritten as:
u¯(pχ˜03)
[
σ¯ · A+ σ¯ · pχ˜03 σ¯ · ǫσ¯ · B1 + σ¯ · pgµσ¯ · ǫσ¯ · B2 +D3σ¯µσ¯ · ǫσ¯
µC
(b)
24
]
u(pg˜), (136)
where
Aµ ≡ f˜3V−0.4
[
pµ
χ˜03
ǫ · pχ˜03
(
2C
(a)
11 + C
(a)
21
)
+ pµgµǫ · pχ˜03
(
C
(a)
12 + C
(a)
23
)
+ ǫµC
(a)
24
]
;
Bµ1 ≡ f˜2V−1.6
[
−pµgµ
(
C
(b)
11 + C
(b)
12 + C
(b)
23 − C(b)22
)
+ pµ
χ˜03
(
C
(b)
21 + C
(b)
22 − 2C(b)23
)]
;
Bµ2 ≡ f˜2V−1.6
[
pµgµ
(
C
(b)
12 + C
(b)
22
)
+ pµ
χ˜03
(
C
(b)
22 − C(b)23
)]
;
D3 ≡ f˜2V−1.6 (137)
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Replacing u¯(pχ˜03)σ¯ · pχ˜03 by mχ˜03u¯(pχ˜03) and σ¯ · pg˜u(pg˜) by mg˜, and using ǫ · pχ˜03 = 0,(136) be simplified
to:
M∼ u¯(pχ˜03)
[
Aσ¯ · ǫ+B1σ¯ · ǫσ¯ · pχ˜03 +B2σ¯ · pg˜σ¯ · ǫ+D1σ¯ · pg˜σ¯ · ǫσ¯ · pχ˜03 +D3σ¯µσ¯ · ǫσ¯
µC
(b)
24
]
u(pg˜),
(138)
where
A ≡ V−0.4f˜3C(a)24 −mg˜mχ˜03V
−1.6f˜2
{
C
(b)
11 + 2C
(b)
12 +C
(b)
23 − C(b)22
}
,
B1 ≡ V−1.6f˜2
(
C
(b)
11 + 2C
(b)
12 + C
(b)
21
)
mχ˜03 ,
B2 ≡ V−1.6f˜2
(
C
(b)
12 + C
(b)
22
)
mg˜, D1 ≡ V−1.6f˜2
(
−C(b)12 − C(b)23
)
. (139)
Utilizing values of C’s calculated in (134),
A ∼ O(105)f˜2, B1 ∼ O(10−7)f˜2GeV −2, B2 ∼ O(10−7)f˜2GeV −2,D1 ∼ O(10−18)f˜2GeV −2;D3 ∼ V−1.6f˜2;
(140)
∑
g˜ and χ˜03 spins
|M|2 ∼ Tr
(
σ · pχ˜03
[
Aσ¯ · ǫ+B1σ¯ · ǫσ¯ · pχ˜03 +B2σ¯ · pg˜σ¯ · ǫ+D1σ¯ · pg˜σ¯ · ǫσ¯ · pχ˜03 +D3σ¯µσ¯ · ǫσ¯
µC
(b)
24
]
× σ · pg˜
[
Aσ¯ · ǫ+B1σ¯ · ǫσ¯ · pχ˜03 +B2σ¯ · pg˜σ¯ · ǫ+D1σ¯ · pg˜σ¯ · ǫσ¯ · pχ˜03 +D3σ¯µσ¯ · ǫσ¯
µC
(b)
24
]†)
, (141)
which at:
p0χ˜03
=
√
m2
χ˜03
c4 + ρ2, p1χ˜03
= p2χ˜03
= p3χ˜03
=
ρ√
3
=
1√
3
c
(
m2g˜ −m2χ˜03
)
2mg˜
, (142)
yields:
1
256
mg˜
2
[
6mg˜
2(B1 +D1mg˜)
2 +
{
8A1 + 16D3C24 +mg˜
((
5 +
√
3
)
B1 + 8B2 +
(
5 +
√
3
)
D1mg˜
)}2]
,
(143)
in the rest frame of the gluino.
Incorporating results of (139)in equation (143), one gets∑
g˜ and χ˜03 spins
|M|2 ∼ 0.2D12m6g˜ (144)
Now, using standard two-body decay results (See [34]), the decay width Γ is given by the following
expression:
Γ =
∑
g˜ and χ˜03 spins
|M|2
(
m2g˜ −m2χ˜03
)
16π~m3g˜
(145)
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Figure 16: Three-body Gluino decay into Gravitino
Using result of (140); D1 ∼ O(10−18)f˜2GeV −2 and mg˜ ∼ V− 43Mp GeV, m2
χ˜03
∼ m2g˜ + mg˜ f˜
2v2V 23
mpl
GeV, two body decay width is given as:
Γ =
(0.2)D21m
6
g˜
16πm3g˜
∼
O(10−2)f˜4.10−36.mg˜6(2
mg˜ f˜
2v2V 23
mpl
)
m3g˜
∼ 10−4f˜4GeV (146)
Considering f˜ < 10−5 as calculated above, Γ < 10−24 GeV. Life time of gluino is given as:
τ =
~
Γ
∼ 10
−34Jsec
10−4f4GeV
∼ 10
−20
f6
sec > 1010sec (147)
Gluino(g˜) decays into Goldstino(G˜)
We now consider the three-body decay of the gluino into Goldstino and a quark and anti-quark:
g˜ → G˜+ q + q¯. The Feynman diagrams corresponding to this particular decay are shown in Fig. 8.
The gluino-(anti-)quark-squark vertex will again be given by (186). The gravitino-quark-squark
vertex would come from a term of type ψ¯µq˜LqL, which in N = 1 gauged supergravity lagrangian of
[12] is given by:
− gIJ¯
(
∂µA¯J¯
)
χIσν σ¯µψν − i
2
e
K
2 (DIW )χ
Iσµψ¯µ + h.c.. (148)
From [35], the gravitino field can be decomposed into the spin-12 Goldstino field G˜ via:
ψν = ρν + σνG˜, G˜ = −1
3
σµψµ, (149)
ρν being a spin-
3
2 field. Hence, the Goldstino-content of (148), using σ
ν σ¯µσν = −2σ¯ν , is given by:
2gIJ¯χ
I
(
∂µA¯J¯
)
σ¯µG˜+
3i
2
e
K
2 (DIW )χ
IG˜+ h.c. (150)
Now, utilizing:
gA2A¯2 ∼ V−
5
9 and e
K
2 DA2W
∣∣∣∣∣
A2→A2+V−
1
3
∼ V− 3718A2 (151)
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KˆA2A¯2
√
KˆA2A¯2
) ∼ O(102)V− 3718 ∼ V− 159 for V ∼ 105qI
ψµ
q˜L
Figure 17: The Goldstino-quark-squark vertex
one obtains:
2gA2A¯2χ
I
(
σ¯ · pqA2 + pG˜
Mp
)
σ¯µG˜+
3i
2
e
K
2 (DA2W )χ
IG˜+ h.c.
∼ V− 59χI
(
mG
Mp
)
A2G˜+ V−
5
9χI
(
mqA2
Mp
)
A2G˜+ V−
37
18A2χIG˜ ∼ V−
37
18A2χIG˜ (152)
for mqA2 ∼ O(10)MeV,mG ∼ 0 and V ∼ 105
The physical Goldstino-quark-squark vertex will be given as:
For this particular case:-
Aij
(
Tr
[
G
q¯A2
q˜A2
G
q¯A2
q˜A2
†
]
Tr
[
G˜
qA2
q˜A2
G˜
qA2
q˜A2
†
])
∼ f˜2V− 85 .V− 103 ∼ f˜2V−5,
Bij
(
Tr
[
G
qA2
q˜A2
G
qA2
q˜A2
†
]
Tr
[
G˜
q¯A2
q˜A2
G˜
q¯A2
q˜A2
†
])
∼ f˜2V− 85 .V− 103 ∼ f˜2V−5
C
(
Tr
[
G
q¯A2
q˜A2
G
qA2
q˜A2
†G˜
qA2
q˜A2
G˜
q¯A2
q˜A2
†
])
∼ f˜2V− 85 .V− 103 ∼ f˜2V−5
Limits of integration as given in [11] are:
s23max =
(
V 23m 3
2
−mq
)
2, s23min = m
2
q;
s13max = V 43m23
2
− s23, s13min = 0
where mg˜ = V 23m 3
2
∼ 1011GeV,mG˜ = 0. Utilizing the values of vertex elements calculated above and
from (126), we can calculate decay width for Gluino in this particular case.
Γ(g˜ → χonqI q¯J ) ∼
g2s
256π3V2m33
2
[
−f˜2V−5m43
2
V 83 + f˜2V−5V 83m43
2
− f˜2V−5V 83m43
2
]
∼ g
2
s
256π3V2m33
2
(f˜2V−5V 83m43
2
)
∼ O(10−4)V− 133 m 3
2
f˜2GeV < 10−17f˜2GeV < O(10−25)GeV (153)
43
g˜q˜L
qI
gµ
ψµ
g˜
qI
q˜L
gµ
ψµ
Figure 18: Diagrams contributing to one-loop Gluino decay into Goldstino and gluon
The life time of gluino is given as:
τ =
~
Γ
∼ 10
−34Jsec
10−17f2GeV
∼ 10
−7
f2
> 103sec (154)
We now consider the two-body decay of the gluino into a Goldstino and a gluon:
The matrix element for the above will be given by:
M∼ f˜2
∫
d4k
(2π)4
× V− 45
(
iσ¯ · k
k2 −m2q + iǫ
)(
V− 159
) i[(
k − pG˜
)2 −m2q˜ + iǫ]

×
(
V 5345 ǫ · (2k − pG˜ − pg˜))
 i[
(k − pg˜)2 −m2q˜ + iǫ
]
+
f˜
∫
d4k
(2π)4
× V− 45
 i[(
k + pG˜
)2 −m2q˜ + iǫ]
(V− 159 ) (σ¯ · ǫ)
×
 iσ¯ · (k − pgµ)[(
k − pgµ
)2 −m2q + iǫ]
 (155)
As discussed in [11], the Wilson coefficients corresponding to Gluino-Goldstino- Gluon coupling
do not change much upon RG evolution to EW scale. The matrix amplitude in equation (155) can be
written as:
f˜2V−1.2
[{
σ¯ · pG˜C(a)11 + σ¯ · pgµC(a)12
}
(2ǫ · pG˜) +
{
σ¯ · pG˜ǫ · pG˜C(a)21 + σ¯ · pgµǫ · pG˜C(a)23 + σ¯ · ǫC(a)24
}]
+f˜V−2.4
[
−
{
σ¯ · pG˜C(b)11 + σ¯ · pg˜C(b)12
}
σ¯ · ǫσ¯ · pgµ + σ¯ · pG˜σ¯ · ǫσ¯ · pG˜C(b)21 + σ¯ · pg˜σ¯ · ǫσ¯ · pg˜C(b)22
−
(
σ¯ · pG˜σ¯ · ǫσ¯ · pg˜ + σ¯ · pg˜σ¯ · ǫσ¯ · pG˜
)
C
(b)
23 + σ¯µσ¯ · ǫσ¯µC(b)24
]
, (156)
which equivalently could be rewritten as:
u¯(pG˜)
[
σ¯ · A+ σ¯ · pG˜σ¯ · ǫσ¯ · B1 + σ¯ · pgµσ¯ · ǫσ¯ · B2 +D4σ¯µσ¯ · ǫσ¯µC(b)24
]
u(pg˜), (157)
44
where
Aµ ≡ V−1.2f˜2
[
pµ
G˜
ǫ · pG˜
(
2C
(a)
11 + C
(a)
21
)
+ pµgµǫ · pG˜
(
C
(a)
12 + C
(a)
23 − C(b)22
)
+ ǫµC
(a)
24
]
;
Bµ1 ≡ V−2.4f˜
[
−pµgµ
(
C
(b)
11 + C
(b)
12 +C
(b)
23 − C(b)22
)
+ pµ
G˜
(
C
(b)
21 + C
(b)
22 − 2C(b)23
)]
;
Bµ2 ≡ V−2.4f˜
[
pµgµ
(
C
(b)
12 + C
(b)
22
)
+ pµ
G˜
(
C
(b)
22 − C(b)23
)]
;
D4 ≡ V−2.4f˜ . (158)
This time around replacing u¯(pG˜)σ¯ · pG˜ by 0 and σ¯ · pg˜u(pg˜) by mg˜u(pg˜), (157) can be rewritten as:
u¯(pG˜)
(
A2σ¯ · ǫ+B3σ¯ · pg˜σ¯ · ǫ+D2σ¯ · pg˜σ¯ · ǫσ¯ · pG˜ +D4σ¯µσ¯ · ǫσ¯µC(b)24
)
u(pg˜), (159)
where
A2 ≡ V−1.2f˜2C(a)24 ;B3 ≡ V−2.4f˜Mg˜(C(b)12 +C(b)22 )
D2 ≡ V−2.4f˜
(
−C(b)12 + C(b)23
)
;D4 ≡ V−2.4f˜ . (160)
Results of various C’s functions required for this particular case similar to the ones given in [11]
are:
C
(a)
24 = C
(b)
24 ∼ O(1);
C
(a)
0 ∼ O(10) × 10−22GeV −2;
C
(b)
12 ∼ O(10) × 10−22GeV −2;
C
(b)
11 ∼ O(10) × 10−22GeV −2;
C
(b)
22 = C
(b)
23 ∼ O(10) × 10−22GeV −2;
C
(b)
0 = O(10) × 10−22GeV −2.
(161)
Utilizing (161), one gets: A2 ≡ 10−6f˜2, B3 ≡ (10−23f˜)GeV −1, D2 ≡ (10−34f˜)GeV −2, D4 ≡ V−2.4f˜∑
g˜ and G˜ spins
|M|2 ∼ Tr
(
σ · pG˜
[
A2σ¯ · ǫ+B3σ¯ · pg˜σ¯ · ǫ+D2σ¯ · pg˜σ¯ · ǫσ¯ · pG˜ +D4σ¯µσ¯ · ǫσ¯µC(b)24
]
×σ · pg˜
[
A2σ¯ · ǫ+B3σ¯ · pg˜σ¯ · ǫ+D2σ¯ · pg˜σ¯ · ǫσ¯ · pG˜ +D4σ¯µσ¯ · ǫσ¯µC(b)24
]†)
, (162)
which at:
p0
G˜
= mg˜/2, p
1
G˜
= p2
G˜
= p3
G˜
=
mg˜
2
√
3
, (163)
yields:
mg˜
2
[
D2
2mg˜
4 +
1
6
(
6A2 + 12D4C
(b)
24 +mg˜
(
6B3 +
(
3 +
√
3
)
D2mg˜
))2] ∼ f˜4A22mg˜2. (164)
So, using results from [34], the decay width comes out to be equal to:
Γ =
∑
g˜ and G˜ spins |M|2
16π~mg˜
∼ O(10−1)A22mg˜ ∼ 10−2f˜4GeV. (165)
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Figure 19: Feynman diagrams for the R-parity violating decays of Neutralino χ03.
Considering value of f˜2 ∼ 10−10, Γ < 10−22 GeV. Life time of gluino is given as:
τ =
~
Γ
∼ 10
−34Jsec
10−2f4GeV
∼ 10
−21
f4
sec > 10−1sec (166)
4.2 R-Parity Violating Neutralino Decays
In the following we will be discussing the decay width of tree level decay diagrams of neutralino
mediated by sleptons/squarks, Higgs and gauge Bosons.
Decays mediated via squarks and sleptons
Now, we evaluate all possible neutralino decays which are mediated by squarks/sleptons and also
involve R-parity violating vertices as shown in Fig. 12. The life time calculation requires the evaluation
of various matrix amplitudes corresponding to various decay channels. In particular, to evaluate the
contribution of neutralino-squark-quark/neutralino-slepton-lepton, we will explicitly work out squark-
quark-gaugino vertex replacing the gaugino by −χ˜03 with mass half of that of the gluino and also the
squark-quark-Higgsino vertex replacing the Higgsino by f˜ χ˜03, and then add these contributions. To
calculate the contribution of various interaction vertices shown in Fig.12 in the context of N = 1
gauged supergravity, one needs to consider the following terms of gauged supergravity action of Wess
and Bagger [12].
L = gYMgαJ¯Xαχ¯J¯λg˜ + igiJ¯ χ¯I¯
[
σ¯ · ∂χi + ΓiLjσ¯ · ∂aLχj +
1
4
(∂aLKσ¯ · aL − c.c.)χi
]
+
e
K
2
2
(DiDJW )χiχJ + h.c., (167)
where, Xα corresponds to the components of a killing isometry vector. From here, one notes that
46
Xα = −6iκ24µ7Qα, where α = B,Qα = 2πα′
∫
TB
i∗ωα ∧ P−f˜ where P− is a harmonic zero-form on ΣB
taking value +1 on ΣB and −1 on σ(ΣB) - σ being a holomorphic isometric involution as part of the
Calabi-Yau orientifold - and f˜ ∈ H˜2−(ΣB) ≡ coker
(
H2−(CY3)
i∗→ H2−(ΣB)
)
. Also,
DiDjW = ∂i∂jW + (∂i∂jK)W + ∂iKDJW + ∂JKDiW − (∂iK∂jK)W − ΓkijDkW. (168)
Higgsino-fermion/anitifermion-sfermion + Higgsino-fermion/anitifermion-sfermion +
Fermion-sfermion-fermion/anitifermion vertices
• As discussed above, the neutralino-lepton-slepton vertex corresponding to Fig. 11(a), is given by
considering the contribution of gaugino-slepton-lepton vertex with a small admixture of higgsino-
lepton-slepton vertex as given in equation (113). Since neutralino is of Majorana nature, in two-
component notation, the contribution of Higgsino-lepton-slepton vertex in gauged supergravity
action of Wess and Bagger [12], is given by
e
K
2
2
(DZ1DA¯1W )χZiχcA1+igI¯A¯1 χ¯Zi [σ¯ · ∂χcA1 + ΓA1A1A¯1σ¯ · ∂A1χcA1 + 14 (∂A3Kσ¯ · A1 − c.c.)χcA1
]
χZ is SU(2)L higgsino, χA1 corresponds to SU(2)L electron and A˜1 corresponds to left-handed
squark and gI¯A¯1 = 0.
Strictly speaking, SU(2) EW symmetry gets spontaneously broken for Higgsino-lepton-slepton
vertex, however the effective Lagrangian respects SU(2) symmetry. Therefore to calculate the
contribution of same, basic idea is to generate a term of the type lLl˜LH˜
c
LHL wherein χ
lL and
HL are respectively the SU(2)L quark and Higgs doublets, l˜L is also an SU(2)L doublet and H˜
c
L
is SU(2)L Higgsino doublet . After spontaneous breaking of the EW symmetry when H
0 in HL
acquires a non-zero vev 〈H0〉, this term generates:〈H0〉H˜cLlLl˜L. Now, in terms of undiagonalized
basis, consider
DiDa¯1W = (∂i∂a¯1K)W + ∂iKDa¯1W + ∂a¯1KDiW − (∂iK∂a¯1K)W,
where a1, zi correspond to undiagonalized moduli fields.
1. Considering a1 → a1 + V− 29Mp, using equations (27),(31) and further picking up the com-
ponent linear in z1 as well as linear in fluctuation (a1 − V− 29Mp), we see that:
e
K
2 ((∂i∂a1K)W + ∂iKDa1W + ∂a1KDiW − (∂iK∂a1K)W ) χ¯iχ¯a1 ∼ V−
31
18 zi(a1 − V−
2
9Mp).(169)
As shown in (33)
e
K
2 DiDA¯1W ∼ O(1)e
K
2 DiDa¯1W,
Higgsino-lepton-slepton vertex will hence be given as:
e
K
2 DiDA1WχZiχc
A1 ∼ eK2 DiDa¯1WχZiχc
A1 ∼ V− 3118ZiδA1χZiχcA1 ;
A1 corresponds to left-handed slepton. The contribution of physical Higgsino-lepton-slepton
vertex after giving VEV to ZI will be given as :
CH˜
c
LlL l˜L ∼ V
− 31
18 < Zi >√
Kˆ2ZiZ¯iKˆA1A¯1KˆA1A¯1
∼ V− 32 . (170)
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2. The interaction vertex corresponding to gaugino-lepton-slepton vertex is given by
gYMgJT¯BX
∗Bχ¯J¯λg˜ + ∂a1TBD
Bχ¯a¯1λg˜.
Utilizing (B1) andXB = −6iκ24µ7QTB , κ24µ7 ∼ 1V , gYM ∼ V−
1
36 , QTB ∼ V
1
3 (2πα′)2f˜ , gYMgTB a¯1 →
−V− 29 a1 and
gYMgTBA¯1 ∼ V−
2
9 (A1 − V−
2
9Mp),
Using TB = V ol(σB) − CIJ¯aI a¯J¯ + h.c., (intersection matrices CIJ¯ are given in appendix
B), ∂a1TB → V
10
9 (a1−V− 29 ) and the dominant contribution to the physical gaugino-lepton-
slepton vertex is proportional to :
Cλg˜lL l˜L ∼ gYMgTBA¯1X
TB ∼ V− 29 f˜(√
KˆA1A¯1
)(√
KˆA1A¯1
) ∼ f˜V−1. (171)
3. Keeping in mind the fact that physical neutralino eigenstate χ03 is largely a gaugino with a
small admixture of Higgsino in our set up, by adding the contribution of (170) and (171)
as according to (113), the physical neutralino-lepton-slepton vertex is given as:
Cχ
0
3lL l˜L : f˜V−1δA1λg˜χ¯A¯1 + f˜ v
mpl
(
V− 23
)
δA1χI χ¯A¯1 ∼ f˜
(V−1)χ03lLl˜L for V ∼ 105. (172)
• The quark-quark-slepton vertex corresponding to Fig. 11(a) in gauged supergravity action is
given by the following term: e
K
2
2
(DA¯2DA4W )χAc2χA4 . In terms of undiagonalized basis, consider
Da¯2Da4W = (∂a¯2∂a4K)W + ∂a¯2KDa4W + ∂a4KDa¯2W − (∂a¯2K∂a4K)W.
Using equations (27) and (31):
e
K
2 ((∂a¯2∂a4K)W + ∂a¯2KDa4W + ∂a4KDa¯2W − (∂a¯2K∂a4K)W ) ∼ V−
5
9 + V 13 δa1. (173)
From (173), picking up the component of fluctuations linear in a1 and from (33)
e
K
2 DA¯2DA4W ∼ O(1)e
K
2 Da¯2Da4W,
one gets the contribution of quark-slepton-quark vertex as :
e
K
2 DA¯2DA4WχA
c
2χA4 ∼ eK2 Da¯2Da4WχA
c
2χA4 ∼
(
V− 13 δA1
)
χA
c
2χA4 . (174)
The physical quark-slepton-quark vertex is given by
Cd
c
L l˜LuL ∼ V
− 1
3√
KˆA2Ac2KˆA1A¯1KˆA4A¯4
∼ (10)− 142 V− 13 ∼ V− 53 for V ∼ 105. (175)
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• The contribution of Higgsino-quark-squark relevant to the Neutralino-quark-squark vertex of
Fig. 11(b) is given by:
e
K
2
2
(DiDA4W ) χ¯iχA4 + igi¯A4 χ¯I
[
σ¯ · ∂χA4 + ΓA4A4A4 σ¯ · ∂A4χA4 +
1
4
(∂A4Kσ¯ · A4 − c.c.)χA4
]
.
Working in diagonalized basis, gi¯A4=0.
Now consider
DiDa4W = ∂i∂a4W + (∂i∂a4K)W + ∂iKDa4W + ∂a4KDiW − (∂iK∂a4K)W − Γkia4DkW,
where a4, zi correspond to undiagonalized moduli fields.
1. Considering a4 → a4 + V− 119 Mp and utilizing (B2), (B3) and (B7), one gets:
Γzizia4 ∼ V
11
9 − V 116 δa4,Γa1zia4 ∼ V−
13
36 + V 1912 δa4,Γa2zia4 ∼ V
31
36 + V 2512 δa4,Γa3zia4 ∼ V−
5
36 + V 1312 δa4,
Γa4zia4 ∼ V−
23
36 + V 712 δa4. (176)
Next, using equations (27), (31), (176), one obtains:
e
K
2
2
(Γzizia4DziW + Γ
a1
zia4Da1W + Γ
a2
zia4Da2W + Γ
a3
zia4Da2W + Γ
a4
zia4Da4W ) ∼
(
V− 1772 + V 7172 δa4
)
(177)
and
e
K
2 ((∂i∂a4K)W + ∂iKDa4W + ∂a4KDiW − (∂iK∂a4K)W )χiχa4 ∼ V−
17
72 + V 7172 δa4χiχa4 . (178)
Utilizing equation (177) and (178), picking up the component linear in fluctuation δa4,
contribution of Higgsino-quark-squark vertex will be
e
K
2 DiDA4WχZiχA4 ∼ e
K
2 DiDa4WχiχA4 ∼ V
71
72 δA4χIχA4
and physical Higgsino-quark-squark takes the form as below :
CH
c
Ld¯
c
Ld˜R ∼ V
71
72√
KˆZiZ¯iKˆA4A¯4KˆA4A¯4
∼
[
(10)−
19
2 V 7172
]
∼ V− 1112 . (179)
2. The interaction vertex corresponding to gaugino-quark-squark vertex is given by
gYMgA¯4T¯BX
∗Bχc
A4
λg˜.
For a Ka¨hler moduli space, gA¯4T¯B = 0 i.e the gaugino-quark-squark vertex does not con-
tribute to this particular vertex.
3. In view of above, the physical neutralino-quark-squark vertex as according to equation (113)
is given as:
Cχ
0
3d¯
c
Ld˜R : f˜
v
mpl
[V− 112 δa4χ¯a¯1χi] ∼ f˜ v
mpl
V− 112χ03d¯cLd˜R (180)
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• The lepton-squark-quark vertex corresponding to Fig. 11(b) is given by considering the contri-
bution e
K
2
2
(DA¯1DA2W )χcA1χA2 + eK22 (DA1DA¯2W )χA1χcA2 . In terms of undiagonalized basis
Da¯1Da2W = (∂a¯1∂a2K)W + ∂a¯1KDa2W + ∂a2KDa¯1W − (∂a¯1K∂a2K)W
and
Da1Da¯2W = (∂a1∂a¯2K)W + ∂a1KDa¯2W + ∂a¯2KDa1W − (∂a1K∂a¯2K)W
Utilizing a4 → a4 + V− 119 and equations (27), (31), on solving,
e
K
2 (∂a¯1∂a2K)W + ∂a¯1KDa2W + ∂a2KDa¯1W − (∂a¯1K∂a2K)Wχa¯1χa2 ∼
(
V− 149 + V− 13 δa4
)
χa
c
1χa2
e
K
2 (∂a1∂a¯2K)W + ∂a1KDa¯2W + ∂a¯2KDa1W − (∂a1K∂a¯2K)Wχa1χa¯2 ∼
(
V− 149 + V− 13 δa4
)
χa1χa
c
2 . (181)
From (181), one gets the contribution of lepton-squark-quark vertex as :
e
K
2 Da¯1Da2Wχa
c
1χa2 + e
K
2 Da1Da¯2Wχa1χa
c
2 ∼
(
V− 13 δa4
)
χa
c
1χa2 +
(
V− 13 δa4
)
χa1χa
c
2 (182)
and the physical lepton-squark-quark vertex is given by
C lLd˜RuL ∼ V
− 1
3√
KˆA1A¯1KˆA2A¯2KˆA4A¯4
+
V− 13√
KˆA1A¯1KˆA2A¯2KˆA4A¯4
∼ V− 53 . (183)
• The Neutralino-quark-squark vertex of Fig. 11(c) is given as considering the contribution of
e
K
2
2
(DiDA¯2W )χZiχcA2 + igZ¯iA¯2 χ¯Zi [σ¯ · ∂ + ΓA2A2A¯2 σ¯ · ∂A2χcA2 + 14 (∂A2Kσ¯ · A2 − c.c.)χcA2
]
χI is SU(2)L higgsino, χ
A2 corresponds to SU(2)L quark and A2 corresponds to left-handed
squark. and gI¯A¯2 = 0.
In terms of undiagonalized basis, consider
DiDa¯2W = (∂i∂a¯2K)W + ∂iKDa¯2W + ∂a¯2KDiW − (∂iK∂a¯2K)W,
where a2, zi correspond to undiagonalized moduli fields.
1. Considering a2 → a2 + V− 13Mp, using equations (27),(31) and picking up the component
linear in z1 as well as fluctuations of a2 i.e (a2 − V− 13Mp) , one gets
e
K
2 ((∂i∂a¯2K)W + ∂iKDa¯2W + ∂a¯2KDiW − (∂iK∂a¯2K)W ) ∼ (V−
20
9 )ziδa2. (184)
Using (33):
e
K
2 DiDA¯2W ∼ O(1)e
K
2 DiDa¯2W,
the Higgsino-quark-squark vertex will be given as
e
K
2 DiDA2WχZiχc
A2 ∼ eK2 DiDa¯2WχZiχc
A2 ∼ V− 209 ZiδA2χZiχcA2 ;
A2 correspond to left- handed squark and the contribution of physical Higgsino-quark-
squark vertex will be given as :
CH˜
c
LuLu˜L ∼ V
− 20
9 < Zi >√
Kˆ2ZiZ¯iKˆA2A¯2KˆA2A¯2
∼ V− 45 . (185)
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2. As discussed for gaugino lepton-slepton vertex in Figure (a), the gaugino- quark-squark
vertex is given by
gYMgJB∗X
∗Bχ¯J¯λg˜ ++∂a2TBD
Bχ¯a¯1λ0.
. Utilizing B1 and XB = −6iκ24µ7QB, κ24µ7 ∼ 1V , gY M ∼ V−
1
36 , QB ∼ V 13 (2πα′)2f˜ , This
time,
gYMgBa¯2 → −V−
5
4 (a2 − V− 13 ), ∂a2TB → V
1
9 (a2 − V− 13 )
The dominant contribution to the physical gaugino-quark-squark vertex is proportional to
:
Cλg˜uLu˜L ∼ V
− 11
9 f˜(√
KˆA2A¯2
)(√
KˆA2A¯2
) ∼ f˜ (V− 45) . (186)
Following equation no (113) , the neutralino-quark squark vertex will be given by :
Cχ
0
3uLu˜L ∼ Cλg˜uLu˜L + f˜V 56 v
mpl
CH
c
LuLu˜L ∼ f˜V− 45χ03uLu˜L. (187)
• The lepton-squark-quark corresponding to Fig. 11(c) is given by considering the contribution of
e
K
2
2
(DA¯1DA4W )χcA1χA4 in gauged supergravity action. In terms of undiagonalized basis,
Da¯1Da4W = (∂a¯1∂a4K)W + ∂a¯1KDa4W + ∂a4KDa¯1W − (∂a¯1K∂a4K)W.
Utilizing equations (27) and (31), one obtains:
e
K
2 ((∂a¯1∂a4K)W + ∂a¯1KDa4W + ∂a4KDa¯1W − (∂a¯1K∂a4K)W ) ∼ V−
1
18 + V− 13 δa2. (188)
From (188), picking up the component of fluctuations linear in a2 and from (33) using:
e
K
2 DA¯1DA4W ∼ O(1)e
K
2 Da¯1Da4W,
one gets the contribution of lepton-squark-quark vertex as :
e
K
2 DA¯1DA4W ¯χc
A1 χ¯A4 ∼ eK2 Da¯1Da4Wχc
A1
χA4 ∼
(
V− 13 δA2
)
χc
A1
χA4 . (189)
The physical lepton-squark-quark vertex is given by
Cd
c
L l˜LlL ∼ V
− 1
3√
KˆA2A¯2KˆA1A¯1KˆA4A¯4
∼ (10)− 142 V− 13 ∼ V− 53 for V ∼ 105. (190)
Now, working in two component notation, in order to calculate the decay width, we will be using the
decay width formula as given by H.Dreiner et al. in [32]. Because of Majorana nature of neutralino,
we are considering both right handed as well as left handed incoming neutralino though the dominant
contribution occurs in case of vertices corresponding to right handed neutralino. Henceforth, we will
be using incoming right handed neutralino in the matrix amplitude calculation.
Guided by their notations, right handed incoming and left handed outgoing are denoted by wave
function y†i ≡ y†(~pi, λi), x†l ≡ x†(~pl, λl), x†u ≡ x†(~pu, λu), and x†d ≡ x†(~pd, λd), respectively . Using the
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f˜V−1χ03lLl˜Lχ03(pi)
l(pl)
l˜R
V− 53 dcLl˜LuLl˜R
u(pu)
d¯(pd¯)
(f˜ vmplV
− 1
12 )χ03d¯
c
Ld˜Rχ
0
3(pi)
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V− 53 lLd˜RuLd˜R
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Figure 20: Different vertices in tree level neutralino decay
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numerical estimate of vertices as calculated in set of equations (172),(175),(180), (183), (187),(190)
for all three feynman diagrams, the corresponding contributions to the decay amplitude is:
M1 = f˜V−1V− 53
(
i
(pi − kl)2 −m2l˜L
)
y†ix
†
lx
†
ux
†
d (191)
iM2 = f˜V−
1
12
v
mpl
V− 53
(
i
(pi − kd)2 −m2d˜R
)
y†ix
†
dx
†
lx
†
u
iM3 = f˜V−
4
5V− 53
(
i
(pi − ku)2 −m2u˜L
)
y†ix
†
ux
†
dx
†
l . (192)
Neglecting all of the final state fermion masses, one can express kinematic variables in the form as
given below:
zl ≡ 2pi ·kl/m2χ03 = 2El/mχ03 , zd ≡ 2pi ·kd/m
2
χ03
= 2Ed/mχ03 , zu ≡ 2pi ·ku/m
2
χ03
= 2Eu/mχ03 ,(193)
and the total matrix amplitude can be rewritten as:
M = c1y†ix†lx†ux†d + c2y†ix†dx†lx†u + c3y†ix†ux†dx†l , (194)
where for mχ03 ∼ V
2
3m 3
2
and mlL ∼ md˜R ∼ mu˜L ∼ mA1 ∼ V
1
2m 3
2
as given in equations (B13) and
(B21)
c1 ≡ f˜V−
3
2V− 53 /[m2
l˜L
−m2χ03(1− zl)] = −f˜V
−1V− 53/m23
2
[V − V 43 (1− zl)]
c2 ≡ f˜V−
1
12
v
mpl
V− 53 /[m2
d˜R
−m2χ03(1− zd)] = −f˜V
− 1
12
v
mpl
V− 53 /m23
2
[V − V 43 (1− zd)]
c3 ≡ f˜V−
4
5V− 53 /[m2u˜L −m2χ03(1− zu)] = −f˜V
− 4
5V− 53/m23
2
[V − V 43 (1− zu)] (195)
As explained in [32], by applying Fierz identity, one can reduce the number of terms:
M = (c1 − c3)y†ix†lx†ux†d + (c2 − c3)y†ix†dx†lx†u. (196)
and
|M|2 = |c1 − c3|2y†ix†lxµyix†ux†dxdxu + |c2 − c3|2y†ix†dxdyix†lx†uxuxl
−2Re[(c1 − c3)(c∗2 − c∗3)y†ix†lxlxux†ux†dxdyi] , (197)
Summing over the fermion spins by using following identities,∑
s
xα(~p, s)x
†
β˙
(~p, s) = +p·σαβ˙ ,
∑
s
x†α˙(~p, s)xβ(~p, s) = +p·σα˙β ,
∑
s
y†α˙(~p, s)yβ(~p, s) = +p·σα˙β∑
s
yα(~p, s)y
†
β˙
(~p, s) = +p·σαβ˙ (198)
one obtain:∑
spins
|M|2 = |c1 − c3|2Tr[kl ·σpi ·σ]Tr[kd ·σku ·σ] + |c2 − c3|2Tr[kd ·σpi ·σ]Tr[ku ·σkl ·σ]
−2Re[(c1 − c3)(c∗2 − c∗3)Tr[kl ·σku ·σkd ·σpi ·σ]] . (199)
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Applying the trace formulae and using
+ 2kl ·kd = (1− zu)m2χ03 , +2kl ·ku = (1− zd)m
2
χ03
, +2kd ·ku = (1− zl)m2χ03 . (200)
∑
spins
|M|2 = 4|c1 − c3|2pi ·kl kd ·ku + 4|c2 − c3|2pi ·kd kl ·ku
−4Re[(c1 − c3)(c∗2 − c∗3)](kl ·ku pi ·kd + pi ·kl kd ·ku − kl ·kd pi ·ku)
= m4χ03
[
|c1|2zl(1− zl) + |c2|2zd(1− zd) + |c3|2zu(1− zu)
−2Re[c1c∗2](1− zl)(1− zd)− 2Re[c1c∗3](1− zl)(1− zu)
−2Re[c2c∗3](1− zd)(1− zu)
]
, (201)
The differential decay rate follows:
d2Γ
dzldzd
=
Ncmχ03
28π3
(
1
2
∑
spins
|M|2
)
, (202)
where Nc = 3 and the kinematic limits are
0 < zl < 1, 1− zl < zd < 1. (203)
Adopting the technique as used in [32], the total decay width for the above Feynman diagrams is given
as:
Γ =
Ncm
5
χ03
28 · 3π3
(|c′∗1 |2 + |c′∗2 |2 + |c′∗3 |2 − Re[c′∗1 c′∗2 + c′∗1 c′∗3 + c′∗2 c′∗3 ]) , (204)
where c′∗i , i = 1, 2, 3 are obtained from ci’s by integrating zl, zd in the aforementioned limits. Therefore,
on simplifying, the result comes out to be
Γ ∼
3.V 103 m53
2
f˜2.V− 7415
28 · 3.π3V 83m43
2
∼ 10−4V 23− 7415m 3
2
f˜2 ∼ 10−18f˜2 (205)
In dilute flux approximation, considering f˜2 < 10−8, life time of neutralino:
τ =
~
Γ
∼ 10
−34Jsec
10−18f˜2
∼ 10
−34Jsec
10−26GeV
> O(101)sec (206)
4.3 Two-Body Slepton/Squark Decays
The decay width for l˜/q˜ → l/q + ψµ in our set up is given by:
Γ
(
l˜/q˜ → l/q + ψµ
)
∼
m5
l˜/q˜
m23/2M
2
p
∼ V− 72Mp, (207)
implying a lifetime of around 10−25.5s, satisfying the BBN constraints.
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l˜ψµ
l′
Figure 21: Two-Body Slepton/Squark Decay
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l′
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Figure 22: Three-body slepton decays
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4.4 Three-Body Slepton Decays
As explained in [36], the following set of effective operators are relevant to three-body slepton decays:
O1 = l′h pl˜ · G˜c pl′ · ǫ∗
O2 = l′h pl · G˜c pl˜ · ǫ∗
O3 = l′h pG˜ · G˜c pl˜ · ǫ∗
O4 = i l′h γ · ǫ∗ pV · G˜c
O5 = l′h γ · pV γ · ǫ∗ pl˜ · G˜c
O6 = i l′h γ · pV γ · ǫ∗ pV · G˜c
O7 = i l′h γ · pG˜ γ · ǫ∗ pV · G˜c
O8 = i l′h ǫ∗ · G˜c
O9 = i l′h γ · pV ǫ∗ · G˜c
O10 = i l′h γ · pG˜ γ · pV ǫ∗ · G˜c , (208)
where ǫµ is the polarization of gauge boson V . Notice that for an on-shell gravitino in the final state,
O3 = 0 by using the gravitino equation of motion.
Using the following volume-suppression factors in various vertices in Fig. 14(a)-(d) above:
l˜ − G˜− l vertex : gA1A¯1
KA1A¯1
= 1;
l − l′ − V vertex : gA1A¯1 f˜V
− 2
3 lnV
KA1A¯1
;
l˜ − l˜ − V vertex :
(
κ24µ7Q
BGT
BT¯B
V
)
κ24µ7Ca1a¯1
κ24KA1A¯1
∼ f˜V
−2
104
;
l˜ − l′ − G˜ vertex : gA1A¯1
KA1A¯1
= 1, (209)
and the operators of (208), the matrix elements for three-body slepton decay [diagrams (a)- (d)] are
MaV ∼
f˜V− 1118
Mp
1
s23
(2O1 −O5)
MbV ∼
f˜V−2
104Mp
1
m2
G˜
+m2V − s13 − s23
(O2 +O3)
McV ∼
∑
i
10f˜V− 32
Mp
1
s13 − sχ3
[
mχ3 (O4 −O9)− 4 (O6 +O7 −O10) +m2VO8
]
MdV ∼ i
f˜V− 119
104Mp
O8 , (210)
where χ3 denotes the lightest neutralino in our set up, and
s12 = (pG˜ + pl′)
2 , s13 = (pG˜ + pV )
2 , s23 = (pl′ + pV )
2 . (211)
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Notice that s12 + s13 + s23 = m
2
l˜
+m2
G˜
+m2Z .
The differential decay width is
dΓ =
1
(2π)3
1
32m3
l˜
|M|2dm213dm223 , (212)
where M =MaV +MbV +McV +MdV .
The sum of the matrix elements can be written as
M(l˜h → l′V G˜) =MaV +MbV +McV +MdV =
∑
i=1...10
MiOi , (213)
where the Mi can be read off from Eqs. (210) above as:
M1,5 ∼ f˜V
− 11
18
Mps23
; M2,3 ∼
(
f˜V−2
104
)
Mp(m23/2 − s13 − s23)
;
M4,9 ∼
mχ
(
10f˜V− 32
)
Mp(s13 −m2χ3)
; M6,7,10 ∼ M4,9
mχ3
;
M8 ∼ 1
Mp
m2V
(
10f˜V− 32
)
s13 −m2χ3
+
f˜V− 119
104
 . (214)
The squared matrix element is∣∣∣M(l˜h → l′V G˜)∣∣∣2 = ∑
i=1...10
|Mi|2Oi,i
+
i<j∑
i,j=1...10
Re(MiM∗j )Orei,j +
i<j∑
i,j=1...10
ℑm (MiM∗j)Oimi,j . (215)
All theMi are real except forM8, which has both real and imaginary components. The only non-zero
contributions to the last term in Eq. (215) come from ℑm (MiM∗8) (i < 8) and ℑm (M8M∗j ) (j > 8).
The resultant contribution of the same are evaluated in appendix E. Utilizing that,
Γ
(
l˜→ l′ + G˜+ V
)
∼
∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M∗8)Ore4,8
m3
l˜
∼ 10−15Mp, (216)
implying that the associated life-time of this decay is about 10−28s, which respects the BBN constraints.
The summarized results of life time of various (N)LSP candidates are given in table 2.
5 Relic abundance of Gravitino dark matter candidate
As discussed in section 4, explicit calculations yielding the gravitino-decay life time of the same order
or greater than age of the universe, justifies taking gravitino to be a viable dark matter candidate
in our setup. Keeping in mind the fact that relic density of dark matter particle should be within
the limits provided by recent WMAP observations and other direct and indirect experiments, this
57
Decay channels Average life time
Gaugino decays: B˜ → ψµZ/γ 10−30s
B˜
Z−→ ψµuu¯ 10−13s
W˜
q˜−→ ψµuu¯ 10−25s
W˜ 0 → ψµW+W− 10−66s
Gluino decays: g˜ → χonqI q¯J 101s
g˜ → χ˜03g 1010s
g˜ → ψµqI q¯J 103s
g˜ → ψµg 10−1s
RPV Neutralino decay: χ03 → ud¯e− 101s
Slepton decays: l˜→ l′G˜V 10−28s
l˜/q˜ → l/qψµ 10−25.5s
Gravitino decays: ψµ → hνe 1017s
ψµ → νγ, νZ 1022s
ψµ → LiLjEck 1021s
ψµ → LiQjDck 1020s
ψµ → U ciDcjDck 1018s
Table 2: Life time estimates of various N(LSP) decay channels
section is devoted to calculating the relic-abundance of the gravitino as a dark matter particle. The
constraints on the cosmological gravitino abundance have been discussed in [37]. Assuming that re-
heating temperature will be low enough to produce an appropriate amount of dark matter in case of
heavy gravitino, we focus on the case of gravitinos produced only in the decays of co-NLSPs and show
that the same are produced in sufficient numbers to constitute all of non-baryonic dark matter. The
mass scales and life time estimates of sleptons and neutralino discussed in section 2 and 3 manifestly
indicate the same to be valid co-NLSP’s which freeze out with appropriate thermal relic density before
decaying and then eventually decay into the gravitino. Therefore, gravitino then inherits much of the
relic density of the neutralino/slepton.
5.1 Neutralino density calculation
The number density of cold relic density (CDM) from the early universe depends sensitively on the
annihilation cross section of such particles. Amongst the various approaches to calculate the thermal
cross section given in the literature, we rely on the partial-wave expansion approach used in [13] to cal-
culate the annihilation cross section for each possible process. Since the µ-split SUSY set up discussed
in section 2 includes only neutral light Higgs boson; heavy Higgs boson and similarly superpartners of
neutral particles (i.e only Neutralino), we consider possible annihilation channels which proceed via
these particles only. The important channels that we will be discussing are: χ03χ
0
3 → hh, χ03χ03 → ZZ,
χ03χ
0
3 → ff .
The general procedure which is being followed in partial wave expansion approach, is given as
follows. As given in [38], in QFT, the general cross-section is given as
σvMøl =
1
4E1E2
∫
dLIPS|M|2 (217)
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where
dLIPS = (2π)4δ4(p1 + p2 −
∑
pj)
∏∫ d3p1
(2π)32π0
. (218)
The thermally-averaged product of the neutralino pair-annihilation cross section and their relative
velocity 〈σvMøl〉 is given as [13, 38]
〈σvMøl〉(T ) =
∫
d3p1d
3p2 σvMøl e
−E1/T e−E2/T∫
d3p1d3p2 e−E1/T e−E2/T
, (219)
where p1 = (E1,p1) and p2 = (E2,p2) are the 4-momenta of the two colliding particles, and T is
the temperature of the bath. Given the complexity of the general cross section, it is difficult to solve
analytically. Alternatively, one finds a way to get the solution by expressing 〈σvMøl〉 in terms of
x = TM . For this, one defines:
w(s) =
1
4
∫
dLIPS|M|2 = E1E2σvMøl. (220)
Incorporating the value of σvMøl in equation (219),
〈σvMøl〉(T ) =
∫
d3p1d
3p2w(s)e
−E1/T e−E2/T∫
d3p1d3p2E1E2e−E1/T e−E2/T
. (221)
By defining change of variables discussed in [38] i.e expressing momentum and energy in terms of x,
carrying over the integration in terms of x, 〈σvMøl〉 takes the form given below:
〈σvMøl〉 = 1
m2χ
[
w − 3
2
(
2w − w′)x+O(x2)]
s=4m2χ
≡ a+ bx+O(x2). (222)
The coefficients a and b summed over all possible final states f1f2 are defined in [13], and given as:
a =
∑
f1f2
c θ
(
4M2χ˜ − (mf1 +mf2)2
)
vf1f2 a˜f1f2 ,
b =
∑
f1f2
c θ
(
4M2χ˜ − (mf1 +mf2)2
)
vf1f2
{
b˜f1f2 + a˜f1f2
[
−3 + 3
4
v−2f1f2
(
m2f1 +m
2
f2
2M2χ˜
+
(m2f1 −m2f2)2
8M4χ˜
)]}
.
The analytic expressions of a and b are given for the s, t and u channels of various possible
annihilation processes are given in [13]. For the paper to be self-contained, we directly quote the
forms of analytical expressions and utilizing the same, we calculate the numerical estimates of a and
b for all kinematically possible annihilation processes in our set up.
The idea is to first calculate the required vertices corresponding to different annihilation processes
in the context of N = 1 gauged supergravity action and then use their estimates to calculate a and b
coefficients . Following the same formalism as used in section 3 and 4, utilizing the gauged supergravity
action of Wess and Bagger, we obtain the numerical estimates of required vertices.
The physical eigenstates of neutralino mass matrix in the context of gauged supergravity action
are given as:
χ˜01 ∼
−H˜01 + H˜02√
2
; mass ∼ V− 3536Mp > m 3
2
,
χ˜02 ∼ (f˜V
5
6
v
mpl
)λ0 +
H˜01 + H˜
0
2√
2
; mass ∼ V− 3536Mp > m 3
2
; CP : −,
. χ˜03 ∼ −λ0 + (f˜V
5
6
v
mpl
)
(
H˜01 + H˜
0
2
)
; mass ∼ V− 43Mp > m 3
2
. (223)
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χ03(p1)
χ03(p2)
(h,H)
h(p3)
h(p4)
χ03(p1) h(p3)
χ0i
χ03(p2) h(p4)
Figure 23: Feynman diagrams for χ03χ
0
3 → hh via s–channel Higgs exchange and t-channel χ0i exchange.
Utilizing (223),
Cχ
0
3χ
0
1h = Cλ
0H˜0h + (f˜V 56 v
mpl
)CH˜
0H˜0h,
Cχ
0
3χ
0
2h = (f˜V 56 v
mpl
)Cλ
0λ0h + (f˜2V 53 v
2
m2pl
)Cλ
0H˜0h + (f˜V 56 v
mpl
)CH˜
0H˜0h,
Cχ
0
3χ
0
3h = Cλ
0λ0h + (f˜V 56 v
mpl
)Cλ
0H˜0h + (f˜2V 53 v
2
m2pl
)CH˜
0H˜0h (224)
where H˜0 ∼ H˜01+H˜02√
2
is physical Higgsino and the physical light Higgs is defined as h =
H01−H02√
2
4.
Higgsino-higgsino- Higgs vertex
L = e
K
2
2
(DZ1DZ1W )χZ1L χ¯ZiR + igZ1Z¯iχ¯Z¯1L
[
γ · ∂χZiL + ΓZiZiZiγ · ∂Ziχ
Zi
L +
1
4
(∂ZiKγ · Zi − c.c.)χZiL
]
;
χZiL /χ¯
Zi
R corresponds to left-/right-handed components of the Higgsino. In terms of undiagonalized
basis,
Dz1DziW = (∂z¯i∂ziW ) + (∂z¯i∂ziK)W + ∂z¯iKDziW + ∂ziKDz¯iW − (∂z¯iK∂ziK)W + ΓKziziDKW.
Since SU(2)L symmetry gets spontaneously broken for Higgsino-Higgsino-Higgs vertex, therefore the
idea is to expand above term quadratic in zi such that one of the two zis acquires a VEV. Utilizing
zi → zi + V 136Mp and thereafter solving with the help of equations (27) and (31), one has
e
K
2
2
DziDz¯iW ∼ V−
16
9 〈zi〉δzi
4Working in the sublocus, where position moduli z1 and z2 are considered to be equivalent, for notational simplifica-
tion, we will write Higgsino superfield χ
1√
2
(Z1+Z2) ∼ χZi .
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Following(33), e
K
2 DZ¯iDZiW ∼ O(1)e
K
2 Dz¯iDziW , implying:
e
K
2 DZ¯iDZiWχZiL χ¯ZiR ∼
(
V− 169 〈Zi〉
)
δZiχZiL χ¯ZiR ∼
(
V− 74 〈Zi〉
)
δZiχZiL χ¯ZiR . (225)
Using χZi ∼ Vm3/2 for the Higgsino mass (see appendix B) and m3/2 = V−2Mp, one obtains:
gZiZ¯iχ¯
Z¯i
L γ · ∂χZiL ∼ O(1)gz1 z¯iχ¯Z¯iL γ · ∂χZiL →
V− 3736 〈Zi〉
Mp
δZiχ¯Z¯iL γ · pχZiχZiL ∼ V−2χ¯Z¯iL δZiχZiL ;
gZiZ¯iχ¯
Z¯i
L Γ
Zi
ZiZiγ · ∂Ziχ
Zi
L ∼ O(1)gzi z¯iΓziziziχ¯Z¯iL γ · ∂ZiχZiL →
V− 2536 〈Zi〉
Mp
δZiχ¯Z¯iL γ · (pχZi + pχ¯Zi )χZiL
∼ V− 53 χ¯Z¯iL δZiχZiL ;
gZiZ¯iχ¯
Z¯i
L
1
4
(∂ZiKγ · Zi − c.c.)χZiL ∼ O(1)gz1 z¯i∂ziKχ¯Z¯iL γ · ∂ZiχZiL →
V− 43 〈Zi〉
Mp
δZiχ¯Z¯iL γ · (pχZi + pχ¯Zi )χZiL
∼ V− 8336 χ¯Z¯iL δZiχZiL . (226)
Incorporating results of (225) and (226), the physical Higgsino-Higgsino- Higgs vertex will be given as
CH˜
0H˜0h =
1√
(KˆZiZ¯i)
4
[
(V− 74 ) + (V−2 + V− 53 + V− 8336 )
]
∼ V 14 . (227)
Gaugino-Higgsino-Higgs vertex
L = gYMgBZ¯iXB χ¯ZiL λL + ∂ZiTBDBH˜ iλi. (228)
Expanding the same in the fluctuations linear in δZi, we have
gYMgTBZiX
B = f˜V−2δZi, (∂ZiTB)DB ∼ f˜V−
4
3 δZi. (229)
The physical Gaugino-Higgsino-Higgs vertex works out to yield:
ChH˜
0λL =
V− 43 f˜(√
KˆZiZ¯i
)2 ∼ f˜ (105V− 43) ∼ f˜V− 13 . (230)
Gaugino-Gaugino-Higgs vertex
L = iλ¯Lγm1
4
(KZi∂mZi − c.c.)λL, (231)
where λL corresponds to gaugino. Here also, the aforementioned vertex does not preserve SU(2)L
symmetry - one has to obtain the term linear in 〈zi〉. In terms of undiagonalized basis, ∂ziK ∼ V−
2
3 〈zi〉,
and using ∂ZiK ∼ O(1)∂ziK, we have: ∂ZiK ∼ V−
2
3 〈Zi〉, incorporating the same
Chλ¯LλL :
V− 23 〈Zi〉λ¯L /∂ZiMp λL√
(KˆZ1Z¯1)
2
∼ 105V− 2336hλ¯L /
p
h
Mp
λL ∼ V−
23
36hλ¯L
γ · (pλ¯L + pλL)
Mp
λL
∼ 105V− 2336hλ¯Lmg˜
Mp
λL ∼ V−
35
36hλ¯LλL (232)
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Higgs-Higgs-Higgs vertex: The value of effective Higgs triple interaction vertex in SM is given
by Chhh ∼ M2Hv , v is electroweak VEV.
Now, using the set of results given in equation no (227), (230) and (232), the contribution of
vertices appearing in equation (224) are as follows:
Cχ
0
3χ
0
1h = f˜V− 13 , Cχ03χ02h ∼ f˜V 1312 v
mpl
, Cχ
0
3χ
0
3h ∼ V− 3536 . (233)
Since now we have got the estimates of coupling required to calculate partial wave coefficients for
χ03χ
0
3 → hh annihilation process, we are in position to calculate the contribution of partial wave a and
b coefficients in our set up just by using (and quoting verbatim below) the form of analytical results
provided in [13].
s-channel Higgs-boson (h,H) exchange:
The analytic expressions of a˜hh and b˜hh corresponding to Fig. 23 are given as:
a˜
(h,H)
hh = 0, (234)
b˜
(h,H)
hh =
3
64π
∣∣∣∣∣∣
∑
r=h,H
Chhr Cχ
0
3χ
0
3r
4M2χ˜ −m2r + iΓrmr
∣∣∣∣∣∣
2
. (235)
Expanding the summation
b˜
(h,H)
hh =
3
64π
∣∣∣∣∣ Chhh Cχ
0
3χ
0
3h
4m2
χ03
−m2h + iΓhmh
+
ChhH Cχ
0
3χ
0
3H
4m2
χ03
−m2H + iΓH mH
∣∣∣∣∣
2
; (236)
Utilizing the value of mass mh = 125GeV and mH ∼ V 5972m 3
2
as calculated in appendix B, mχ03 ∼
V 23m 2
3
∼ V− 43Mp and Chhh ∼ 102GeV,Cχ03χ03h ∼ Cχ03χ03H ∼ V− 3536 from above, after simplifying, we
have
b˜
(h,H)
hh ∼
3
64π
∣∣∣∣∣ 102.V−
35
36
4.V− 83m2pl
+
102.V− 3536
V− 8536m2pl
∣∣∣∣∣
2
∼ 3
64π
(
V 53 .102
m2pl
)2
∼ 3
64π
×O(10)−51GeV −2 for V ∼ 105. (237)
Here we assume that Γh,H < mh,H in our set up.
• Neutralino (χ0i ) exchange:
a˜
(χ0)
hh = 0, (238)
b˜
(χ0)
hh =
1
16π
3∑
i,j=1
(Cχ
0
iχ
0
3,h)2(Cχ
0
jχ
0
3,h∗)2
1
∆2hi∆
2
hj
×
[
4m2χ03
(m2χ03
−mh2)2 + 4mχ03 (m
2
χ03
−mh2) (mχ03 +mχ0i )∆hi
+3 (mχ03 +mχ0i
) (mχ03 +mχ0j
)∆hi∆hj
]
, (239)
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where ∆hi ≡ mh2−m2χ03−m
2
χ0i
. Utilizing the values of masses given above, ∆h1 ≡ mh2−m2χ03−m
2
χ01
∼
V2m23
2
, ∆h2 ≡ mh2 −m2χ03 −m
2
χ02
∼ V2m23
2
, ∆h3 ≡ mh2 −m2χ03 −m
2
χ03
∼ V 43m23
2
, and
b˜
(χ0)
hh =
1
16π
(Cχ
0
1χ
0
3,h)2(Cχ
0
1χ
0
3,h∗)2
1
∆2h1∆
2
h1
×
[
4m2χ03
(m2χ03
−m2h)2 + 4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ01)∆h1
+3 (mχ03 +mχ01) (mχ03 +mχ0j
)∆h1∆h1
]
+ (Cχ
0
1χ
0
3,h)2(Cχ
0
2χ
0
3,h∗)2
1
∆2h1∆
2
h2
×
[
4m2χ03
(m2χ03
−m2h)2
+4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ01)∆h1 + 3 (mχ03 +mχ01) (mχ03 +mχ02)∆h1∆h2
]
+
(Cχ
0
1χ
0
3,h)2(Cχ
0
3χ
0
3,h∗)2
1
∆2h1∆
2
h3
×
[
4m2χ03
(m2χ03
−m2h)2 + 4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ01)∆h1
+3 (mχ03 +mχ01) (mχ03 +mχ03)∆h1∆h3
]
+ (Cχ
0
2χ
0
3h)2(Cχ
0
2χ
0
3,h∗)2
1
∆2h2∆
2
h2
×
[
4m2χ03
(m2χ03
−m2h)2
+4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ02)∆h2 + 3 (mχ03 +mχ02) (mχ03 +mχ02)∆h2∆h2
]
+
(Cχ
0
2χ
0
3h)2(Cχ
0
3χ
0
3,h∗)2
1
∆2h2∆
2
h3
×
[
4m2χ03
(m2χ03
−m2h)2 + 4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ02)∆h2
+3 (mχ03 +mχ03) (mχ03 +mχ02)∆h2∆h3
]
+ (Cχ
0
3χ
0
3h)2(Cχ
0
3χ
0
3,h∗)2
1
∆2h3∆
2
h3
×
[
4m2χ03
(m2χ03
−m2h)2
+4mχ03 (m
2
χ03
−m2h) (mχ03 +mχ03)∆h3 + 3 (mχ03 +mχ03) (mχ03 +mχ03)∆h3∆h3
]
∼ 1
16π
[
(f˜4V− 43 ) 1
m2
χ01
+ (f˜4V 32 v
2
m2pl
)
1
mχ01mχ02
+ (f˜2V− 4718 ) 1
mχ01mχ03
+ (f˜4V 133 v
4
m4pl
)
1
m2
χ02
+
(f˜2V 16 v
2
m2pl
)
1
mχ02mχ03
+ (V− 359 ) 1
m2
χ01
]
∼ 1
16π
×O(10)−42GeV −2 for V ∼ 105 and f˜ ∼ 10−4. (240)
• Higgs (h,H)–neutralino (χ0i ) interference term:
a˜
(h,H−χ0)
hh = 0, (241)
b˜
(h,H−χ0)
hh =
1
16π
3∑
i=1
Re
 ∑
r=h,H
(
Chhr CχχrS
4m2
χ03
−m2r + iΓrmr
)∗
C
χ0iχh
S C
χ0iχh
S

×
[2mχ03 (m
2
χ03
−m2h) + 3 (mχ03 +mχ03i)∆hi]
∆2hi
. (242)
Re
 ∑
r=h,H
(
Chhr CχχrS
4m2
χ03
−m2r + iΓrmr
)∗  ∼ [( Chhh CχχhS
4m2
χ03
−m2h + iΓhmh
)∗
+
(
Chhh CχχhS
4m2
χ03
−m2H + iΓhmH
)∗ ]
∼ 10
2.V− 3536
m2
χ03
+
102.V− 3536
m2H
∼ V
− 17
30
m2
χ03
. (243)
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χ03(p1)
χ03(p2)
(h,H)
Z(p3)
Z(p4)
χ03(p1) Z(p3)
χ0i
χ03(p2) Z(p4)
Figure 24: Feynman diagrams for χ03χ
0
3 → ZZ via s–channel Higgs exchange and t-channel χ0i ex-
change.
Expanding this, we get
b˜
(h,H−χ0)
hh =
1
16π
V− 1730
m2
χ03
[
(Cχ
0
1χ
0
3h)2(2mχ03 (m
2
χ03
−m2h) + 3 (mχ03 +mχ01)∆h1)
∆2h1
+
(Cχ
0
2χ
0
3h)2(2mχ03 (m
2
χ03
−m2h) + 3 (mχ03 +mχ02)∆h2)
∆2h2
+
(Cχ
0
3χ
0
3h)2(2mχ03 (m
2
χ03
−m2h) + 3 (mχ03 +mχ03)∆h3)
∆2h3
]
∼ 1
16π
V− 1730
m2
χ03
[
(f˜V− 13 )2(3m3
χ01
)
4m4
χ01
+
f˜2V 136 v2
m2pl
(3m3
χ02
)
4m4
χ02
+
(V− 3536 )2(5m3
χ03
)
m4
χ03
]
∼ 1
16π
V− 1730
m2
χ03
[
(V− 3536 )2(5m3
χ03
)
m4
χ03
]
∼ 1
16π
×O(10)−26GeV −2 for V ∼ 105. (244)
Utilizing results of equations (237), (240), (244),
b˜hh = b˜
(h,H)
hh + b˜
(χ0)
hh + b˜
(h,H−χ0)
hh ∼ O(10)−26GeV −2
a˜hh = a˜
(h,H)
hh + a˜
(χ0)
hh + a˜
(h,H−χ0)
hh = 0.
(245)
Cχ
0
3χ
0
1Z = (f˜V 56 v
mpl
)CH˜
0H˜0Z ,
Cχ
0
3χ
0
2Z = (f˜V 56 v
mpl
)(Cλ
0λ0Z + CH˜
0H˜0Z),
Cχ
0
3χ
0
3Z = Cλ
0λ0Z + (f˜2V 53 v
2
m2pl
)CH˜
0H˜0Z (246)
Z Boson-Higgs-Z Boson vertex The effective vertex has been calculated in [29] by using gauge
kinetic term Re(TB)F
2 and the value of the same has been shown to be same as given by Standard
model i.e CZZH ∼ M2Zv .
Higgsino-Higgsino- Z Boson vertex
L = gZIZJ χ¯Z
I
/Z Im
(
XBK + iDB
)
χZ
I
, (247)
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χz1 corresponds to Higgsino, X = XB∂B = −12iπα′κ24µ7QB∂TB corresponds to the killing isometry
vector and the corresponding D term generated is given by:
DB =
4πα′κ24µ7QBv
B
V . (248)
Utilizing gZ1Z¯1¯ ∼ O(1)gz1 z¯1¯ ∼ V−
2
3 as given in (B1) as well as vB ∼ V 13 and QB ∼ V 13 (2πα′)2f˜ , yields
value of physical Higgsino-Higgsino- Z Boson vertex as:
CH˜
0H˜0Z ∼
(
V− 2318
)
f˜(√
KˆZ1Z¯1
)2
∼ O(10−5)
∼
(
O(105)f˜V− 2318
)
∼ f˜V− 518 . (249)
Gaugino-gaugino-Z Boson vertex
L = λ¯L /Z Im (XBK + iDB)λL,
∼ λ¯Lγ · A
{
6κ24µ72πα
′QBK +
12κ24µ72πα
′QBvB
V
}
λL (250)
λL corresponds to gaugino. Again, Utilizing values of vB ∼ V 13 and QB ∼ V 13 (2πα′)2f˜ , yields value
of physical Gaugino-gaugino-Z Boson vertex as:
Cλ
0λ0Z ∼
(
V− 1118
)
f˜ ∼
(
f˜V− 1118
)
. (251)
Using set of results given in equation no (249) and (251), the contribution of vertices appearing in
equation (252) are as follows:
Cχ
0
3χ
0
1Z = f˜2V 59 v
mpl
,
Cχ
0
3χ
0
2Z = f˜2
v
mpl
(V 59 + V 29 ) ∼ f˜2V 59 v
mpl
,
Cχ
0
3χ
0
3Z = f˜V− 1118 + f˜3V 2518 v
2
m2pl
∼ f˜V− 1118 . (252)
Again, using (and quoting verbatim) the analytical expressions needed to calculate partial wave coef-
ficients for χ03χ
0
3 → ZZ annihilation process, we will estimate the values of same in our set up.
• Higgs–boson (h,H) exchange:
a˜
(h,H)
ZZ = 0, (253)
b˜
(h,H)
ZZ =
3
64π
∣∣∣∣∣∣
∑
r=h,H
CZZr Cχ
0
3χ
0
3r
s−m2r + iΓrmr
∣∣∣∣∣∣
2
3mZ
4 − 4mZ2mχ032 + 4mχ034
mZ4
. (254)
Expanding the summation
b˜
(h,H)
ZZ =
3
64π
∣∣∣∣∣ CZZh Cχ
0
3χ
0
3h
4m2
χ03
−m2h + iΓhmh
+
CZZH Cχ
0
3χ
0
3H
4m2
χ03
−m2H + iΓH mH
∣∣∣∣∣
2
3mZ
4 − 4mZ2mχ032 + 4mχ034
mZ4
.
(255)
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Utilizing the value of mass mh = 125GeV,mH ∼ V− 8572Mp, mχ03 ∼ V
− 4
3Mp,mZ ∼ 90GeV and CZZh ∼
CZZH ∼ 102, Cχ03χ03h ∼ V− 3536 from above, after simplifying, we have:
b˜
(h,H)
ZZ ∼
3
64π
∣∣∣∣∣102.V−
35
36
4.m2
χ03
+
102.V− 3536
m2H
∣∣∣∣∣
2 m4
χ03
m4Z
∼ 3
64π
(
102.V− 3536
4.m2
χ03
)2 m4
χ03
m4Z
∼ O(10)−16GeV −2 for V ∼ 105. (256)
Here we assume that Γh,H < mh,H in our set up.
• neutralino (χ0i ) exchange:
a˜
(χ0)
ZZ =
1
4π
3∑
i,j=1
|Cχ0iχ03Z |2|Cχ0jχ03Z |2
(mχ03
2 −mZ2)
∆Zi∆Zj
,
∼ 1
4π
[
|Cχ01χ03Z |2|Cχ01χ03Z |2
mχ03
2
∆Z1∆Z1
+ |Cχ01χ03Z |2|Cχ02χ03Z |2
mχ03
2
∆Z1∆Z2
+ |Cχ01χ03Z |2|Cχ03χ03Z |2
mχ03
2
∆Z1∆Z3
+
|Cχ02χ03Z |2|Cχ03χ03Z |2
mχ03
2
∆Z2∆Z3
+ |Cχ03χ03Z |2|Cχ03χ03Z |2
mχ03
2
∆Z3∆Z3
]
(257)
where ∆Zi ≡ mZ2−m2χ03−m
2
χ0i
. For the given neutralino mass eigenstates, ∆Z1 ≡ mZ2−m2χ03−m
2
χ01
∼
−V2m23
2
, ∆Z2 ≡ mZ2 −m2χ03 −m
2
χ02
∼ −V2m23
2
, ∆Z3 ≡ mZ2 −m2χ03 −m
2
χ03
∼ −2V 43m23
2
. Using above
values and couplings given in (252), (257) reduces to
a˜
(χ0)
ZZ ∼
1
4π
m2χ03
.
f˜4V− 229
V 83m43
2
∼ O(10)−54GeV −2. (258)
As from [13], the analytical expression of b˜
(χ0)
ZZ is defined as following:
b˜
(χ0)
ZZ =
1
16π
3∑
i,j=1
1
mZ4∆3Zi∆
3
Zj
(259)
×|Cχ0iχ03Z |2|Cχ0jχ03Z |2
[
D
(1)
ij ∆
2
Zi +D
(2)
ij ∆Zi∆Zj +D
(3)
ij ∆
2
Zi∆Zj +D
(4)
ij ∆
2
Zi∆
2
Zj
]
,
where
D
(1)
ij = 16mχ03
2mZ
4 (mZ
2 −mχ03
2)2,
D
(2)
ij = 4mχ03
2 (mZ
2 −mχ03
2)2{3mZ4 + 4mχ03
2mχ0i
mχ0j
+mZ
2 [4mχ03
2 + 4mχ0i
mχ0j
− 6mχ03 (mχ0i +mχ0j )]},
D
(3)
ij = −4mχ03 (mZ
2 −mχ03
2){4mχ03
3mχ0i
mχ0j
+mZ
4 (7mχ03 + 3mχ0i
+ 6mχ0j
)
+2mZ
2mχ03 [4mχ03
2 −mχ0i mχ0j −mχ03 (mχ0i + 5mχ0j )]},
D
(4)
ij = 8mZ
6 + 2mZ
2mχ03
2[4mχ03
2 − 6mχ0i mχ0j − 5mχ03 (mχ0i +mχ0j )]
+4mχ03
4 [2mχ03
2 + 3mχ0i mχ0j + 2mχ03 (mχ0i +mχ0j )]
+mZ
4 [3mχ03
2 + 9mχ0i mχ0j + 5mχ03 (mχ0i +mχ0j )]. (260)
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Solving above,
D
(1)
11 ∼ D(1)12 ∼ D(1)13 ∼ D(1)23 ∼ D(1)33 ≡ mZ4V4m43
2
D
(2)
11 ∼ D(2)12 ≡ V
20
3 m103
2
,D
(2)
13 ∼ D(2)23 ≡ V
21
3 m103
2
,D
(2)
33 ∼ V
20
3 m103
2
D
(3)
11 ∼ D(3)12 ≡ V6m83
2
,D
(3)
13 ≡ D(3)23 ∼ V
17
3 m83
2
,D
(2)
33 ∼ V
16
3 m83
2
D
(4)
11 ∼ D(4)12 ≡ V
14
3 m63
2
,D
(4)
13 ≡ D(3)23 ∼ V
13
3 m63
2
,D
(4)
33 ∼ V4m63
2
. (261)
Now, incorporating results of equations (261), ∆Z 1,2,3 and (252) in (259), the same reduces to:
b˜
(χ0)
ZZ ∼ O(10)−14GeV −2. (262)
• Higgs (h,H)–neutralino (χ0i ) interference term:
a˜
(h,H−χ0)
ZZ = 0,
b˜
(h,H−χ0)
ZZ =
1
16π
3∑
i=1
Re
 ∑
r=h,H
CZZr C
χ03χ
0
3r
S
4mχ03
2 −m2r + iΓrmr
∗ 1
mZ4∆
2
Zi
C
χ03χ
0
3r
S
×
{
2mχ03 (mχ03
2 −mZ2) [−3mZ4 − 4mχ03
3mχ0i + 2mZ
2mχ03 (mχ03 +mχ0i )].
+∆Zi
[
−4mχ03
4 (2mχ03 + 3mχ03) + 2mZ
2mχ03
2 (5mχ03 + 6mχ0i
)−mZ4 (5mχ03 + 9mχ0i )
]}
. (263)
Utilizing results for ∆Z 1,2,3 and (252), the same reduces to
b˜
(h,H−χ0)
ZZ =
1
16π
mχ03
3
m4Z
.
3∑
i=1
Re
 ∑
r=h,H
CZZr Cχ
0
3χ
0
3r
4mχ03
2 −m2r + iΓrmr
∗Cχ03χ03rMp
∼ 1
16π
V2m33
2
m4Z
(
CZZh (Cχ
0
3χ
0
3h)2
4m2
χ03
−m2h + iΓhmh
+
CZZH (Cχ
0
3χ
0
3H)2
4m2
χ03
−m2H + iΓH mH
.
)
Mp (264)
Utilizing the value of mass mh = 125GeV,mH ∼ V− 8572Mp, mχ03 ∼ V
− 4
3Mp,mZ ∼ 90GeV and CZZh ∼
CZZH ∼ 102, Cχ03χ03Z ∼ V− 3536 from above, after simplifying, we have:
b˜
(h,H−χ0)
ZZ ∼
1
16π
V2m33
2
m4Z
(
102.V− 3518
4.m2
χ03
+
102.V− 3518
m2H
)
∼ 1
16π
m33
2
m4Z
(
102
4.m2
χ03
)
∼ O(10)−10GeV −2 for V ∼ 105. (265)
Here we assume that Γh,H < mh,H in our set up. Utilizing results of equations (256), (258), (262),
(265),
b˜ZZ = b˜
(h,H)
ZZ + b˜
(χ0)
ZZ + b˜
(h,H−χ0)
ZZ ∼ O(10)−10GeV −2; (266)
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χ03(p1)
χ03(p2)
(h,H,Z)
f(p3)
f¯(p4)
χ03(p1) f(p3)
f˜
χ03(p2) f¯(p4)
Figure 25: Feynman diagrams for χ03χ
0
3 → f f¯ via s–channel Higgs/Z exchange and t-channel f˜
exchange.
a˜ZZ = a˜
(h,H)
ZZ + a˜
(χ0)
ZZ + a˜
(h,H−χ0)
ZZ ∼ O(10)−54GeV −2.
(267)
Higgs-Fermion-Fermion Interaction
Fig. 25 involves the s-channel Higgs boson (h, H) and Z boson exchange and the t- and u-channel
sfermion (f˜a) exchange. To get the estimate of thermal cross-section for this process, one needs to
evaluate the following partial wave coefficients:
a˜f¯ f = a˜
(h,H)
f¯f
+ a˜
(Z)
f¯ f
+ a˜
(f˜)
f¯f
+ a˜
(h,H−f˜)
f¯f
+ a˜
(Z−f˜)
f¯f
,
b˜f¯ f = b˜
(h,H)
f¯f
+ b˜
(Z)
f¯ f
+ b˜
(f˜)
f¯f
+ b˜
(h,H−f˜)
f¯ f
+ b˜
(Z−f˜)
f¯f
. (268)
We have calculated below the interaction vertices corresponding to s and t channel of χ03χ
0
3 → f f¯ .
L ∋ igAI A¯I χ¯A¯IL
[
/∂χAIL + Γ
AI
Z1AI /∂Ziχ
AI
L +
1
4
(
∂ZiK/∂Zi − c.c.
)
χAIL
]
(269)
χAIL , I = 1, 2 corresponding to first generation of Left-handed leptons and Left-handed quarks.
Higgs-lepton-lepton interaction
Utilizing z1 = δz1 + V 136Mp, for lepton mass mχA1 ∼ O(1)MeV and m3/2 = V−2Mp, ga1a¯1 →
V−29 〈zi〉δzi
M2p
,Γa1zia1 → V
−23 〈zi〉
Mp
, ∂ziK → V
−23 〈zi〉
Mp
, one gets:
gA1A¯1 χ¯
A¯1
L
/∂χA1L ∼ O(1)ga1 a¯1 χ¯A¯1L /∂χA1L →
V− 29 〈ZI〉
Mp
δZI χ¯A¯1L /pχA1χ
A1
L ∼ V−
7
36 χ¯A¯1L δZiχA1L ;
gA1A¯1 χ¯
A¯1
L Γ
A1
ZiA1 /∂Ziχ
A1
L ∼ O(1)ga1 a¯1Γaiziai χ¯A¯1L /∂ZiχA1L →
V− 29 〈ZI〉
Mp
δZI χ¯A¯1L (/pχA1 + /pχ¯A1 )χ
A1
L
∼ V− 736 χ¯A¯1L δZiχA1L ;
gA1A¯1 χ¯
A¯1
L
1
4
(∂ZiKγ · Zi − c.c.)χA1L ∼ O(1)ga1a¯1∂ziKχ¯A¯1L /∂ZiχAiL →
V− 29 〈Zi〉
Mp
δZiχ¯A¯1L (/pχA1 + /pχ¯A1 )χ
A1
L
∼ V− 736 χ¯A¯1L δZIχA1L . (270)
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Incorporating results of (270) in (269), the physical Higgs-lepton-lepton vertex will be given as
CA1LA¯1Lh =
1√
(KˆZiZ¯i)
2.(KˆA1A¯1)
2
[
V− 736
]
∼ 101
[
V− 736
]
∼ O(1). (271)
Higgs-quark-quark interaction
Utilizing z1 = δz1 + V 136Mp, for quark mass mχA2 ∼ O(5)MeV and m3/2 = V−2Mp, ga2a¯2 →
V−119 zi〈zi〉
M2p
,Γa2zia2 → V
−23 〈zi〉
Mp
, ∂ziK → V
−23 〈zi〉
Mp
, one gets:
gA2A¯2 χ¯
A¯2
L
/∂χA2L ∼ O(1)ga2 a¯2 χ¯A¯2L /∂χA2L →
V− 119 〈Zi〉
Mp
δZiχ¯A¯2L /pχA2χ
A2
L ∼ V−
43
36 χ¯A¯2L δZiχA2L ;
gA2A¯2 χ¯
A¯2
L Γ
A2
ZiA2 /∂Ziχ
A2
L ∼ O(1)ga2 a¯2Γa2zia2 χ¯A¯2L /∂ZiχA2L →
V− 119 〈ZI〉
Mp
δZI χ¯A¯2L (/pχA2 + /pχ¯A2 )χ
A2
L
∼ V− 4336 χ¯A¯2L δZiχA2L ;
gA2A¯2 χ¯
A¯2
L .
1
4
(∂ZiKγ · Zi − c.c.)χA2L ∼ O(1)ga2a¯2∂ziKχ¯A¯2L /∂ZiχA2L →
V− 119 〈Zi〉
Mp
δZiχ¯A¯2L (/pχA2 + /pχ¯A2 )χ
A2
L
∼ V− 4336 χ¯A¯2L δZiχA2L . (272)
Incorporating results of (272) in (269), the physical Higgs-quark-quark vertex will be given as
CA2LA¯2Lh =
1√
(KˆZiZ¯i)
2.(KˆA2A¯2)
2
[
V− 4336
]
∼ 10−7
[
V− 4336
]
∼ V− 135 . (273)
We would estimate:
Cff¯h = Max
[
CA1LA¯1Lh, CA2LA¯2Lh
]
∼ O(1). (274)
fermion-fermion- Z Boson vertex
L ∋ gA1A1 χ¯A1γ ·A Im
(
XBK + iDB
)
χA1 + gA2A2 χ¯
A2γ ·A Im (XBK + iDB)χA2 , (275)
χA1,2 correspond to first generation of leptons and quarks, X = XB∂B = −12iπα′κ24µ7QB∂TB corre-
sponds to the killing isometry vector and D term generated is given by:
DB =
4πα′κ24µ7QBv
B
V . (276)
Utilizing gA1A¯1¯ ∼ O(1)ga1 a¯1 ∼ V
4
9 , gA2A¯2 ∼ O(1)ga2 a¯2 ∼ V−
5
9 as given in B1 as well as vB ∼ V 13 and
QB ∼ V 13 (2πα′)2f˜ , the contribution of physical fermion-fermion- Z Boson vertex Cff¯Z ∼ O(1)( see
detailed explanation as given in [29]).
Quoting the analytical expressions as given in [13]:
• Higgs-boson (h,H) exchange:
a˜
(h,H)
f¯f
= 0, (277)
b˜
(h,H)
f¯f
=
3
4π
∣∣∣∣∣∣
∑
r=h,H
Cffr Cχ
0
3χ
0
3r
4mχ03
2 −m2r + iΓrmr
∣∣∣∣∣∣
2
(mχ03
2 −m2f ). (278)
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Expanding the summation
b˜
(h,H)
ff =
3
64π
∣∣∣∣∣ Cffh Cχ
0
3χ
0
3h
4m2
χ03
−m2h + iΓhmh
+
ChhH Cχ
0
3χ
0
3H
4m2
χ03
−m2H + iΓH mH
∣∣∣∣∣
2
(mχ03
2 −m2f ). (279)
Again, utilizing the value of masses as given in above cases and Cffh ∼ O(1), Cχ03χ03h ∼ Cχ03χ03H ∼ V− 3536
from above, after simplifying, we have:
b˜
(h,H)
ff ∼
3
64π
∣∣∣∣∣ V−
35
36
4.V− 83m2pl
+
V− 3536
V− 8536m2pl
∣∣∣∣∣
2
(mχ03
2 −m2f ) ∼
3
64π
(
V− 3536
V− 83m2pl
)2
V− 83M2p
∼ O(10)−46GeV −2 for V ∼ 105. (280)
• Z–boson exchange:
a˜
(Z)
f¯f
=
1
2π
∣∣∣∣∣ CffZ CχχZA4mχ032 −mZ2 + iΓZ mZ
∣∣∣∣∣
2
m2f (mZ
2 − 4mχ032)2
mZ4
. (281)
Utilizing the value of mass as given above, and CffZ ∼ O(1), Cχ03χ03Z ∼ V− 3536 from above, after
simplifying, we have
a˜
(h,H)
f¯f
∼ 3
64π
∣∣∣∣∣ V−
35
36
4.V− 83m2pl
+
V− 3536
V− 8536m2pl
∣∣∣∣∣
2
m2f (mZ
2 − 4mχ032)2
mZ4
∼ 3
64π
(
V− 3536
V− 83m2pl
)2
m2f (4mχ03)
4
mZ4
∼ O(10)−25GeV −2 for V ∼ 105; (282)
b˜
(Z)
f¯ f
=
1
2π
∣∣∣∣∣ CffZ Cχ
0
3χ
0
3Z
4mχ03
2 −mZ2 + iΓZ mZ
∣∣∣∣∣
2
1
mZ2 ((4mχ03
2 −mZ2)2 + (ΓZ mZ)2)
×
[
2 |CffZ |2
{
mZ
2 (mχ03
2 −m2f ) (mZ2 − 4mχ03
2)2
+Γ2Z [mχ03
2mZ
4 +m2f (24mχ03
4 − 6mZ2mχ03
2 −mZ4)]
}
+mZ
2 |CffZ |2
{
(2mχ03
2 +m2f ) [(4mχ03
2 −mZ2)2 +mZ2 Γ2Z ]
}]
∼ 1
2π
∣∣∣∣∣ CffZ Cχ
0
3χ
0
3Z
4mχ03
2 −mZ2 + iΓZ mZ
∣∣∣∣∣
2
1
mZ2 (16mχ03
4)
×
[
2.16mZ
2mχ03
6 +mZ
2 (16mχ03
6)
]
∼ 1
2π
mχ03
2.
∣∣∣∣∣ CffZ Cχ
0
3χ
0
3Z
4mχ03
2 −mZ2 + iΓZ mZ
∣∣∣∣∣
2
∼ 1
2π
.V− 83m2pl
(
V− 3536
4.V− 83M2p
)2
∼ O(10)−34GeV −2 for V ∼ 105. (283)
• sfermion (f˜a) exchange:
a˜
(f˜)
f¯f
=
1
32π
∑
a,b
(mf C
a
+ +mχ03 D
a
+) (mf C
b
+ +mχ03 D
b
+)
∆
f˜a
∆
f˜b
, (284)
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a is the index for sfermion mass eigenstates so that a = 1, ..6 for squark and charged sleptons and
a = 1, ..3 corresponds for sneutrino, and:
Ca± = |ΛafL|2 ± |ΛafR|2, (285)
Da± = Λ
a
fL(Λ
a
fR)
∗ ± (ΛafL)∗ΛafR; (286)
ΛafL corresponds to the Neutralino-fermion-sfermion interactions mediated by L- handed squarks/sleptons
and ΛafR corresponds to the Neutralino-fermion-fermion interactions mediated by R-handed squarks/sleptons.
Using results from section 3: Cχ
0
3lL l˜L = f˜V− 12 , Cχ03uLu˜L ∼ f˜V− 45 . With exactly similar procedure,
we find: Cχ
0
3lL
˜lR = f˜V− 1215 , Cχ03uLu˜R ∼ f˜V− 2536 . Utilizing above
∑
a
Ca± = Max
(∣∣∣Cχ03lL l˜L∣∣∣2 ± ∣∣∣Cχ03lL ˜lR∣∣∣2, ∣∣∣Cχ03uLu˜L∣∣∣2 ± ∣∣∣Cχ03uLu˜R∣∣∣2) ∼ f˜2V−1∑
a
Da± =Max
(
Cχ
0
3lL l˜L(Cχ
0
3lL
˜lR)∗, Cχ
0
3uLu˜L(Cχ
0
3uLu˜R)∗
)
± c.c.. ∼ f˜2V− 1310 (287)
and
∆
f˜a
≡ m2f −mχ03
2 −m2
f˜a
∼ −mχ03
2.
Considering only first two generations quarks/sleptons and assuming the universality in scalar masses
for first two generations quarks/sleptons, equation (284) reduces to the following simplified form:
a˜
(f˜)
f¯f
=
1
π
(
mf f˜2V−1 +mχ03 f˜2V
− 13
10 ) (mf f˜2V−1 +mχ03 f˜2V
− 13
10 )
m4
χ03
∼ 10−52GeV −2, for mχ03 ∼ V
− 4
3Mp and V ∼ 105. (288)
Now, utilizing the numerical estimates of coupling summed over first two generation of squarks/sleptons
given above, we will evaluate the value of b˜
(f˜)
f¯f
. Using (and quoting verbatim) the form of expression
from [13]:
b˜
(f˜)
f¯f
=
1
64π
∑
a,b
1
∆3
f˜a
∆3
f˜b
{
Ca+C
b
+
[
8m2f mχ03
2 (mχ03
2 −m2f )∆2f˜a
−4mχ03
2 (m4f +mχ03
2m2f − 2mχ03
4)∆
f˜a
∆
f˜b
+4mχ03
2 (m2f + 2mχ03
2)∆2
f˜a
∆
f˜b
+ 4 (mχ03
2 −m2f )∆2f˜a ∆
2
f˜b
]
+Da+D
b
+
[
8mχ03
4 (mχ03
2 −m2f )∆2f˜a + 4mχ03
2 (mχ03
4 +mχ03
2m2f − 2m4f )∆f˜a ∆f˜b
+4mχ03
2(5mχ03
2 − 2m2f )∆2f˜a ∆f˜b − 3 (m
2
f − 3mχ03
2)∆2
f˜a
∆2
f˜b
]
+Ca−C
b
−
[
8mχ03
2 (mχ03
2 −m2f )2∆f˜a ∆f˜b + 8mχ03
2 (mχ03
2 −m2f )∆2f˜a ∆f˜b
+2 (m2f + 2mχ03
2)∆2
f˜a
∆2
f˜b
]
+Ca+D
b
+ 2mf mχ03
[
8mχ03
2(mχ03
2 −m2f )∆2f˜a + 12mχ03
2(mχ03
2 −m2f )∆f˜a ∆f˜b
+3∆2
f˜a
∆2
f˜b
− 2 (m2f − 4mχ03
2)∆
f˜a
∆2
f˜b
− 6 (m2f − 2mχ03
2)∆2
f˜a
∆
f˜b
]}
,
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for mχ03 ∼ V
− 4
3Mp,∆f˜a ∼ −mχ032, after solving, one gets:
b˜
(f˜)
f¯f
=
1
π
× f˜
4V−2
m2
χ03
∼ O(10)−48GeV −2. (289)
• Higgs (h,H)–sfermion (f˜a) interference term:
a˜
(h,H−f˜)
f¯ f
= 0, (290)
b˜
(h,H−f˜)
f¯ f
= − 1
8π
∑
a
Re
 ∑
r=h,H
CffrS C
χχr
S
4mχ03
2 −m2r + iΓrmr
 (mχ032 −m2f )
∆2
f˜a
×
[
Ca+ 2mf mχ03 +D
a
+ (2mχ03
2 + 3∆
f˜a
)
]
; (291)
expanding summation
∼ 1
8π
[
Cffh Cχ
0
3χ
0
3h
4m2
χ03
−m2h + iΓhmh
+
ChhH Cχ
0
3χ
0
3H
4m2
χ03
−m2H + iΓH mH
]
(mχ03
2 −m2f )
∆2
f˜a
×
[
Ca+ 2mf mχ03 +D
a
+ (2mχ03
2 + 3∆
f˜a
)
]
∼ 1
π
[
V− 3536
4.V− 83m2pl
+
V− 3536
V− 8536m2pl
]
V− 1310 f˜2 ∼ 1
π
f˜2V− 1310
(
V 53
m2pl
)
∼ O(10)−47GeV −2 for V ∼ 105. (292)
• Z–sfermion (f˜a) interference term:
a˜
(Z−f˜)
f¯ f
= − 1
4π
∑
a
Re
[
CffZ Cχ
0
3χ
0
3Z
4mχ03
2 −mZ2 + iΓZ mZ
]
mf (mZ
2 − 4mχ032)
mZ2
(mf C
a
+ +mχ03 D
a
+)
∆
f˜a
; (293)
utilizing the value of mass mZ = 90GeV , mχ03 ∼ V
2
3m 3
2
∼ V− 43Mp; CffZ ∼ O(1), Cχ03χ03Z ∼ f˜V− 1118
and equation no (287) , after simplifying, we have
a˜
(Z−f˜)
f¯f
= − 1
4π
[
f˜V− 1118
4mχ03
2
]
mf (mZ
2 − 4mχ032)
mZ2
(mf C
a
+ +mχ03 D
a
+)
∆
f˜a
,
∼ O(10)−38GeV −2 (294)
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b˜
(Z−f˜)
f¯f
= − 1
8π
∑
a
Re
[(
Cχ
0
3χ
0
3Z
(4mχ03
2 −mZ2 + iΓZ mZ)2
)
1
mZ2∆
3
f˜a
×
[
CffZ Ca−
{
2mZ
2 PZ ∆f˜a [2mχ03
2 (mχ03
2 +∆
f˜a
) +m2f (−2mχ03
2 +∆
f˜a
)]
}
+CffZ
{
Ca+
[
2m2f mχ03
2 (mχ03
2 −m2f ) (mZ2 − 4mχ03
2)PZ mχ03
2[m2fmZ
2 + 2mχ03
2 (mZ
2 − 6m2f )]PZ ∆f˜a
+2mZ {−mZ (mχ03
2 −m2f ) (mZ2 − 4mχ03
2) + iΓZ [mZ
2mχ03
2 −m2f (mZ2 + 3mχ03
2)]}∆2
f˜a
]
+mf mχ03 D
a
+
[
4mχ03
2 (mχ03
2 −m2f ) (mZ2 − 4mχ03
2)PZ + 2 [6mZ
2mχ03
2 − 16 mχ03
4 −m2f (3mZ2 − 4mχ03
2)]PZ ∆f˜a
−3 [(mZ2 − 4mχ03
2)2 − imZ ΓZ (mZ2 − 8mχ03
2)]∆2
f˜a
]}]]
;
(295)
where PZ ≡ 4mχ032−mZ2+iΓZ mZ . Again using the numerical values of masses and relevant couplings
and assuming ΓZmZ << mχ03
2, the above expression reduces to
b˜
(Z−f˜)
f¯f
= O(10)−46GeV −2. (296)
Utilizing the results from equation no (280), (283), (289), (292), (296) and (282), (294):
b˜f¯f = b˜
(h,H)
f¯ f
+ b˜
(Z)
f¯f
+ b˜
(f˜)
f¯ f
++b˜
(h,H−f˜)
f¯f
+ b˜
(Z−f˜)
f¯f
∼ O(10)−34GeV −2; (297)
a˜f¯ f = a˜
(h,H)
f¯f
+ a˜
(Z)
f¯ f
+ a˜
(f˜)
f¯f
++a˜
(h,H−f˜)
f¯f
+ a˜
(Z−f˜)
f¯f
∼ O(10)−25GeV −2.
(298)
Relative velocity vf1f2 is defined as
vf1f2 ≡
[
1− (mf1 +mf2)
2
4m2
χ03
]1/2 [
1− (mf1 −mf2)
2
4m2
χ03
]1/2
. (299)
For f1, f2 = hh, vhh ≡ 1, f1, f2 = ZZ, vZZ ≡ 1, f1, f2 = f f¯, vff¯ ≡ 1. Having estimated the partial
wave coefficients for each possible annihilation processes, summing up their contribution as according
to (223):
a = a˜hh + a˜ZZ + a˜ff¯ ≡ O(10)−25GeV −2
b = b˜hh + b˜ZZ + b˜ff¯ ≡ O(10)−10GeV −2 (300)
J(xf ) ≡
∫ xf
0
dx〈σvMøl〉(x) =
∫ xf
0
dx(a+ bxf ) = axf + b
x2f
2
(301)
where x = T/mχ. The value of xf can be calculated by solving iteratively the equation
x−1f = ln
(
mχ
2π3
√
45
2g∗GN
〈σvMøl〉(xf )x1/2f
)
, (302)
73
ℓ˜a(p1)
ℓ˜∗b(p2)
(h,H)
Z(p3)
Z(p4)
ℓ˜a(p1) Z(p3)
ℓ˜c
ℓ˜∗b(p2) Z(p4)
Figure 26: Feynman diagrams for ℓ˜aℓ˜
∗
b → ZZ via s–channel Higgs exchange and t-channel ℓ˜c exchange.
where g∗ represents the effective number of degrees of freedom at freeze-out (
√
g∗ ≃ 9). Solving above
equation, xf ≡ Tf/mχ03 comes out to be around 1/33
The analytical expression of relic abundance is given as [39]
Ωχh
2 =
1
µ2
√
g∗J(xF )
(303)
where µ = 1.2× 105GeV For J(xf ) ∼ a(xf ) + bxf
2
2 ∼ 10−10
xf
2
2 GeV
−2 and xf = 133 ,
√
g∗ = 9,
Ωχ03h
2 ∼ 2 · (33)
2
1.44 × 1010 · 9 · 10−10 ≡ 168. (304)
For m 3
2
∼ V−2mpl ∼ 108GeV and mχ03 ∼ V
2
3m 3
2
∼ 1011GeV as given in table 1, relic abundance of
gravitino is given as :
ΩG˜h
2 = Ωχ03h
2 ×
m 3
2
mχ03
= Ωχ03 × V
− 2
3 ∼ 0.16, (305)
clearly a very desirable value!
5.2 Slepton relic density calculations
For the case of slepton NLSPs, the dominant annihilation channel possible in our set up are: ℓ˜aℓ˜
∗
b → ZZ,
ℓ˜aℓ˜
∗
b → Zh,ℓ˜aℓ˜∗b → hh, ℓ˜aℓ˜∗b → γγ, ℓ˜aℓ˜∗b → γh, ℓ˜aℓ˜∗b → ll.
The analytical expressions for w˜(s) are given in [14]. Once again, the approach is to first calculate
required vertices in the context of N = 1 gauged supergravity and then utilize the same to calculate
partial wave coefficients.
(a)ℓ˜aℓ˜
∗
b
→ ZZ
Slepton-slepton- Higgs vertex
Expanding effective supergravity potential V = expK GTSTS |DTSW |2 in the fluctuations around
Zi → Zi + V 136Mp , A1 → A1 + V− 29Mp, contribution of term quadratic in A1 as well as Zi is of the
order V −8936 < Zi >, which after giving VEV to one of the Zi, will be given as:
C ℓ˜a ℓ˜bh ∼ 1√
(KˆZiZ¯i)
2(KˆA1A¯1)
2
[
V− 8936 < Zi > Z¯iA1A∗1
]
∼ O(V− 3415 ). (306)
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Similarly
C ℓ˜aℓ˜bhh ∼ 1√
(KˆZiZ¯i)
2(KˆA1A¯1)
2
[
V− 8936ZiZ¯jA1A∗1
]
∼ O(V− 4118 ). (307)
Slepton-slepton-Z Boson- Z Boson vertex
In the context of supergravity action, contribution of required vertex will be given by:
∂¯A¯1∂A1GTB T¯BX
TBX T¯BAµAν . As given in equation (B9)
∂¯A¯1∂A1GTB T¯B ∼ O(1)∂¯a¯1¯∂a1GTB T¯B ∼ V−
8
9A∗1A1, (308)
X = XB∂B = −12iπα′κ24µ7QB∂TB ∼ V−
2
3 .
Incorporating values from above, the physical Slepton-slepton-Z Boson- Z Boson vertex is propor-
tional to
C ℓ˜aℓ˜
∗
bZZ ∼ V
− 8
9 f˜2V− 43√
(KA1A1)
2
∼ f˜
2V− 209
O(10)4
∼ f˜2V−3. (309)
Slepton- slepton- Z Boson vertex
The gauge kinetic term for slepton-slepton- Z Boson vertex, relevant to the second Feynman graph
in Fig.26 will be given by e
K
κ24
GTB T¯B▽˜µTB▽˜
µ
T¯B¯ . This implies that the following term generates the
required slepton-slepton-gauge boson vertex:
6iκ24µ72πα
′QBGTB T¯B
κ24V2
κ24A
µ∂µ
(
κ24µ7(2πα
′)2C11¯A1A¯1¯
) GTBT¯B∼V 73 ,−−−−−−−−−−−−−→
κ24µ7(2πα
′)2C11¯∼V
10
9
V 79(√
KˆA1A¯1
)2
∼ f˜V, for V ∼ 105 (310)
Quoting directly the analytical expressions given in [14], we obtain a numerical estimate of w˜:
w˜
ℓ˜a ℓ˜∗b→ZZ
= w˜
(h,H,P )
ZZ + w˜
(ℓ˜)
ZZ + w˜
(h,H,P−ℓ˜)
ZZ . (311)
• Higgs (h,H) exchange (+ Point interaction):
w˜
(h,H,P )
ZZ =
∣∣∣∣∣∣
∑
r=h,H
CZZrC ℓ˜
∗
b ℓ˜ar
s−m2h + iΓhmh
− C ℓ˜∗b ℓ˜aZZ
∣∣∣∣∣∣
2
s2 − 4m2Zs+ 12m4Z
8m4Z
∼
∣∣∣∣∣ (102V −
34
15 )mpl
s−m2r + iΓrmr
+
(102V −
34
15 )mpl
s−m2H + iΓHmH
− f˜2V−3
∣∣∣∣∣
2
s2 − 4m2Zs+ 12m4Z
8m4Z
; (312)
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• slepton (ℓ˜c) exchange:
w˜
(ℓ˜)
ZZ =
1
m4Z
2∑
c,d=1
C ℓ˜
∗
b ℓ˜cZC ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜dZ∗C ℓ˜
∗
dℓ˜aZ∗
×
[
T4 − 2(m2ℓ˜a +m
2
ℓ˜b
+ 2m2Z)T3 + [m4ℓ˜a +m
4
ℓ˜b
+ 4m2
ℓ˜a
m2
ℓ˜b
+ 2m2Z(m
2
ℓ˜a
+m2
ℓ˜b
+ 3m2Z)]T2
−2[(m2
ℓ˜a
+m2
ℓ˜b
)(m2
ℓ˜a
m2
ℓ˜b
−m4Z) +m2Z(m4ℓ˜a +m
4
ℓ˜b
− 4m2
ℓ˜a
m2
ℓ˜b
+ 2m4Z)]T1
+(m2
ℓ˜a
−m2Z)2(m2ℓ˜b −m
2
Z)
2T0 − Y4 + [s(m2ℓ˜a +m
2
ℓ˜b
− 2m2Z)− 2(m2ℓ˜a −m
2
Z)(m
2
ℓ˜b
−m2Z)]Y2
−[s2(m2
ℓ˜a
−m2Z)(m2ℓ˜b −m
2
Z) + s{−m2ℓ˜am
2
ℓ˜b
(m2
ℓ˜a
+m2
ℓ˜b
) + 3m2Z(m
4
ℓ˜a
+m4
ℓ˜b
)− 3m4Z(m2ℓ˜a +m
2
ℓ˜b
) + 2m6Z}
+(m2
ℓ˜a
−m2Z)2(m2ℓ˜b −m
2
Z)
2]Y0
]
. (313)
Considering only first-generation squarks,
2∑
c,d=1
C ℓ˜
∗
b ℓ˜cZC ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜dZ∗C ℓ˜
∗
dℓ˜aZ∗ ∼ f˜4V4 (314)
(313) yields:
w˜
(ℓ˜)
ZZ =
f4V4
m4Z
[
T4 − 4m2ℓ˜aT3 + 6m
4
ℓ˜a
T2 − 4m6ℓ˜aT1 +m
8
ℓ˜a
T0 − Y4 + [2sm2ℓ˜a − 2m
4
ℓ˜a
]Y2 −
[s2m4
ℓ˜a
− 2sm6
ℓ˜a
+m8
ℓ˜a
]Y0
]
; (315)
T4,T3,Y0... etc are auxiliary functions defined in the appendix of [14] . Given that m2ℓ˜a ∼ V
−3M2p from
equation (B21) and mZ ∼ 90GeV , on solving and simplifying the same, we get
T0 = 1
−V 425 − 4V5 +
(
V 215 + s
)
V 215 + V 85
T1 ≡
√
s− 4V 45
√
s− 4V 215 V 135 +
(
−4V 175 + sV 135 + 1
)
log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
)
√
s− 4V 45
(
−4V 175 + sV 135 + 1
)√
s− 4V 215
;
T2 ≡ −
4
(√
s− 4V 45
√
s− 4V 215
(
V 345 + sV 135
)
V 85 +
(
−8V 465 + 2sV 425
)
log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
))
√
s− 4V 45
√
s− 4V 215
(
16V5 − 4sV 215 − 4V 85
) ;
T3 ≡
2
(
6
(
4V 175 − sV 135
)
log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
)
V10 +
√
s− 4V 45
√
s− 4V 215
(
−2V11 − 6sV 345 + s2V 135
)
V 85
)
√
s− 4V 45
√
s− 4V 215
(
16V5 − 4sV 215 − 4V 85
) ;
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T4 ≡
4 log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
)
V 635√
s− 4V 45
√
s− 4V 215
+
1
3
(
3V 765
−4V 175 + sV13/5 + 1
+ 18V42/5 − 7sV17/5V4/5 + s2
)
;
Y0 ≡
2 log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
)
√
s− 4V 45
(
s− 2V 45
)√
s− 4V 215
;
Y2 ≡
2
(
s− V 45
(
V 175 + 2
))
log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V4/5
√
s−4V 215
)
V 215√
s− 4V 45
(
s− 2V 45
)√
s− 4V 215
+ 1;
Y4 ≡ 1
6
(
−s2 + 2V 45
(
5V 175 + 2
)
s− 2
(
6V 425 + 8V5 + 3V 85
))
.
• Higgs (h,H) (+ Point) – slepton (ℓ˜c) interference:
w˜
(h,H,P−ℓ˜)
ZZ =
1
2m4Z
2∑
c=1
Re
 ∑
r=h,H
CZZrC ℓ˜
∗
b ℓ˜ar
s−m2r + iΓrmr
− C ℓ˜∗b ℓ˜aZZ
∗C ℓ˜∗b ℓ˜cZC ℓ˜∗c ℓ˜aZ

×
[
s2 + s(m2
ℓ˜a
+m2
ℓ˜b
− 2m2
ℓ˜c
− 4m2Z) + 2m2Z(m2ℓ˜a +m
2
ℓ˜b
− 2m2
ℓ˜c
+ 2m2Z)
−2[s(m2
ℓ˜a
−m2
ℓ˜c
−m2Z)(m2ℓ˜b −m
2
ℓ˜c
−m2Z)
+2m2Z{m4ℓ˜a +m
4
ℓ˜b
−m2
ℓ˜a
m2
ℓ˜b
+m2
ℓ˜c
(m2
ℓ˜c
−m2
ℓ˜a
−m2
ℓ˜b
− 2m2Z)
−m2Z(m2ℓ˜a +m
2
ℓ˜b
−m2Z)}]F
]
. (316)
Using the universality in squark masses as obtained in Appendix B, the simplification leads to:
w˜
(h,H,P−ℓ˜)
ZZ ≡
1
2m4Z
Re
 ∑
r=h,H
(102V− 3415mpl)
s−m2r + iΓrmr
− f˜2V−3
∗ f˜2V2

×
[
(s2 − 4sm2Z + 4m4Z)− 2(sm4Z − 8m4Zm2ℓ˜a)F
]
(317)
where
F ≡
log
(
s−2V 45−
√
s−4V 45
√
s−4V 215
s−2V 45+
√
s−4V 45
√
s−4V 215
)
√
s− 4V 45
√
s− 4V 215
.
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ℓ˜a(p1)
ℓ˜∗b(p2)
(h,H)
Z(p3)
h(p4)
ℓ˜a(p1) Z(p3)
ℓ˜c
ℓ˜∗b(p2) h(p4)
Figure 27: Feynman diagrams for ℓ˜aℓ˜
∗
b → Zh via s–channel Higgs exchange and t-channel ℓ˜c exchange.
Summing up the contribution of w˜ for all s, t and u-channels as according to equation (311):
w˜ZZ |s=(4m2
ℓ˜a
) ∼ V
34
5 , w˜′ZZ |s=(4m2
ℓ˜a
) ∼ V
13
5 . (318)
The “reduced” coefficients a˜ZZ and b˜ZZ will be given by
5
a˜ZZ ∼ 1
32πm2
ℓ˜a
V 345 ∼ 1011GeV −2; b˜ZZ ∼ 3
64πm2
ℓ˜a
V 135 ∼ 10−10GeV −2. (319)
(b)ℓ˜aℓ˜
∗
b
→ Zh
The process ℓ˜aℓ˜
∗
b → Zh involves the s–channel Z–boson exchange,and the t– and u–channel slepton
(ℓ˜a, a = 1, 2) exchange:
w˜
ℓ˜a ℓ˜∗b→Zh
= w˜
(Z)
Zh + w˜
(ℓ˜)
Zh + w˜
(Z−ℓ˜)
Zh . (320)
• Z exchange:
w˜
(Z)
Zh =
1
12m6Z
∣∣∣∣∣ CZZhC ℓ˜
∗
b ℓ˜aZ
s−m2Z + iΓZmZ
∣∣∣∣∣
2
×
[
s2
{
3(m2
ℓ˜a
−m2
ℓ˜b
)2 +m4Z
}
− 2s
{
3(m2
ℓ˜a
−m2
ℓ˜b
)2(m2h + 2m
2
Z) +m
4
Z(m
2
ℓ˜a
+m2
ℓ˜b
+m2h − 5m2Z)
}
+m4Z
{
(m2h −m2Z)2 + 4(m2ℓ˜a +m
2
ℓ˜b
)(m2h − 5m2Z)
}
+ (m2
ℓ˜a
−m2
ℓ˜b
)2(3m4h + 6m
2
Zm
2
h + 19m
4
Z)
−2
s
m2Z
{
(m2
ℓ˜a
−m2
ℓ˜b
)2(3m4h − 2m2Zm2h +m4Z) +m2Z(m2h −m2Z)2(m2ℓ˜a +m
2
ℓ˜b
)
}
+
4
s2
m4Z(m
2
h −m2Z)2(m2ℓ˜a −m
2
ℓ˜b
)2
]
.
(321)
For CZZh ∼ m2Zv , C ℓ˜
∗
b ℓ˜aZ ∼ f˜V and assuming universality in slepton masses; after simplifica-
tion,above expression reduces to:
w˜
(Z)
Zh =
1
12m6Z
∣∣∣∣∣ 102.f˜Vs−m2Z + iΓZmZ
∣∣∣∣∣
2
×
[
s2m4Z − 4sm2ℓ˜am
4
Z + 8m
4
Zm
2
ℓ˜a
m2h −
2
s
m4Zm
2
ℓ˜a
m4h
]
.(322)
5Here, we are considering: f˜ ∼ 10−5
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• slepton (ℓ˜c) exchange:
w˜
(ℓ˜)
Zh =
1
m2Z
2∑
c,d=1
C ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜chC ℓ˜
∗
dℓ˜aZ∗C ℓ˜
∗
b ℓ˜dh∗
[
T t2 − 2(m2ℓ˜a +m
2
Z)T t1 + (m2ℓ˜a −m
2
Z)
2T t0
]
+
1
m2Z
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cZC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dZ∗
[
T u2 − 2(m2ℓ˜b +m
2
Z)T u1 + (m2ℓ˜b −m
2
Z)
2T u0
]
+
1
m2Z
Re
2∑
c,d=1
C ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜chC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dZ∗
×
[
−2Y2 + 1
s
(s−m2h +m2Z)(m2ℓ˜a −m
2
ℓ˜b
)Y1 +
{
s(m2
ℓ˜a
+m2
ℓ˜b
− 2m2Z)− (m4ℓ˜a +m
4
ℓ˜b
)− 2m2Zm2h
+(3m2Z −m2h)(m2ℓ˜a +m
2
ℓ˜b
) +
1
s
(m2h −m2Z)(m2ℓ˜a −m
2
ℓ˜b
)2 − 1
2s2
(m2h −m2Z)2(m2ℓ˜a −m
2
ℓ˜b
)2
}
Y0
]
. (323)
Assuming universality in slepton masses of first two generations
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cZC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dZ∗ ∼
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cZC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dZ∗ ∼
2∑
c,d=1
C ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜chC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dZ∗ ≡ f˜2V− 3815M2p .
Therefore, (323) reduces to:
w˜
(ℓ˜)
Zh ∼
f˜2V− 3815m2pl
m2Z
×
[
(T t2 + T u2 )−m2ℓ˜a(T
t
1 + T u1 ) +m4ℓ˜a(T
t
0 + T u0 )− 2Y2 + (2smsli2 − 2m4ℓ˜a)Y0
]
.
(324)
• Z – slepton (ℓ˜c) interference:
w˜
(Z−ℓ˜)
Zh =
1
m4Z
Re
2∑
c=1
(
CZZhC ℓ˜
∗
b ℓ˜aZ
s−m2Z + iΓZmZ
)∗ [
C ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜ch
{
− (s−m2h)(m2ℓ˜a −m
2
ℓ˜b
)
+2m2Z(m
2
ℓ˜a
−m2
ℓ˜c
+m2Z)−
1
s
m2Z(m
2
h −m2Z)(m2ℓ˜a −m
2
ℓ˜b
) +
[
s(m2
ℓ˜a
−m2
ℓ˜b
+m2Z)(m
2
ℓ˜a
−m2
ℓ˜c
−m2Z)
+m2Z{−2m4ℓ˜c +m
2
ℓ˜c
(3m2
ℓ˜a
+m2
ℓ˜b
+ 3m2Z)− 3m4ℓ˜a
+3m2
ℓ˜a
m2
ℓ˜b
− 2m4
ℓ˜b
+m2Z(4m
2
ℓ˜a
+m2
ℓ˜b
)−m4Z} −m2h(m2ℓ˜a −m
2
ℓ˜b
+m2Z)(m
2
ℓ˜a
−m2
ℓ˜c
+m2Z)
]
F t
}
+C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cZ
{
(s−m2h)(m2ℓ˜a −m
2
ℓ˜b
) + 2m2Z(m
2
ℓ˜b
−m2
ℓ˜c
+m2Z) +
1
s
m2Z(m
2
h −m2Z)(m2ℓ˜a −m
2
ℓ˜b
)
+
[
− s(m2
ℓ˜a
−m2
ℓ˜b
−m2Z)(m2ℓ˜b −m
2
ℓ˜c
−m2Z) +m2Z{−2m4ℓ˜c +m
2
ℓ˜c
(3m2
ℓ˜b
+m2
ℓ˜a
+ 3m2Z)− 3m4ℓ˜b + 3m
2
ℓ˜a
m2
ℓ˜b
−2m4
ℓ˜a
+m2Z(4m
2
ℓ˜b
+m2
ℓ˜a
)−m4Z}+m2h(m2ℓ˜a −m
2
ℓ˜b
−m2Z)(m2ℓ˜b −m
2
ℓ˜c
+m2Z)
]
Fu
}]
. (325)
For CZZh ∼ 102, C ℓ˜∗c ℓ˜aZ ∼ f˜V, C ℓ˜∗b ℓ˜ch ∼ V− 3415 , after simplification, (325) reduces to
w˜
(Z−ℓ˜)
Zh ≡
1
m4Z
Re
2∑
c=1
(
(102.f˜V)Mp
s−m2Z + iΓZmZ
)∗
C ℓ˜
∗
c ℓ˜aZC ℓ˜
∗
b ℓ˜ch
[
4m4Z + (−2sm4Z +m2ℓ˜am
4
Z)(F t + Fu)
]
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ℓ˜a(p1)
ℓ˜∗b(p2)
γ(p3)
γ(p4)
ℓ˜a(p1) γ(p3)
ℓ˜c
ℓ˜∗b(p2) γ(p4)
Figure 28: Feynman diagrams for ℓ˜aℓ˜
∗
b → γγ via point interaction and t-channel ℓ˜∗c exchange.
where
F t ∼ Fu ≡
3 log
3s−8V 45−√ 3s+2(−4+√15)V 45s √3s−2(4+√15)V 45√s−4V 215
3s−8V 45+
√
3s+2(−4+
√
15)V
4
5
s
√
3s−2(4+
√
15)V
4
5
√
s−4V 215

√
3s+2(−4+
√
15)V
4
5
s
√
3s− 2 (4 +√15)V 45√s− 4V 215 .
Summing up the contribution of w˜ for all s, t and u-channels as according to equation (325)
w˜Zh|s=(4m2
ℓ˜a
) ∼ V
34
15 , w˜′Zh|s=(4m2
ℓ˜a
) ∼ V
29
15 . (326)
The “reduced” coefficients a˜Zh and b˜Zh will be given by
a˜Zh ∼ 1
32πm2
ℓ˜a
V 3415 ∼ 10−11GeV −2; b˜Zh ∼ 3
64πm2
ℓ˜a
V 2915 ∼ 10−21GeV −2. (327)
(c)ℓ˜aℓ˜
∗
b
→ γγ
The four–point contact interaction needs to be included along with the t– and u–channel slepton
(ℓ˜a, a = 1, 2) exchange:
w˜
ℓ˜aℓ˜∗b→γγ
= w˜(P )γγ + w˜
(ℓ˜)
γγ + w˜
(P−ℓ˜)
γγ .
• Contact interaction:
w˜(P )γγ ∼ (C ℓ˜aℓ˜
∗
bγγ)2 ∼ e4(f˜2V−3)2δab (328)
• slepton (ℓ˜a) exchange:
w˜(ℓ˜)γγ = (C
ℓ˜aℓ˜∗bγ)4δab
[
4(T2 + 2m2ℓ˜aT1 +m
4
ℓ˜a
T0)− (s− 4m2ℓ˜a)
2Y0
]
∼ f˜4V4
[
4(T2 + 2m2ℓ˜aT1 +m
4
ℓ˜a
T0)− (s− 4m2ℓ˜a)
2Y0
]
(329)
where
T0 ≡ 1
V 21/5
(
V 21/5 + s
)− V 42/5 ;T1 ≡
log
(√
s−
√
s−4V 21/5
√
s+
√
s−4V 21/5
)
√
s
√
s− 4V 21/5
+
1
s
80
ℓ˜a(p1) h(p3)
ℓ˜c
ℓ˜∗b(p2) γ(p4)
Figure 29: Feynman diagrams for ℓ˜aℓ˜
∗
b → hγ via t-channel ℓ˜∗c exchange.
T2 ≡
2 log
(√
s−
√
s−4V 21/5
√
s+
√
s−4V 21/5
)
V 21/5
√
s
√
s− 4V 21/5
+
V 21/5
s
+ 1;Y0 ≡
2 log
(√
s−
√
s−4V 21/5
√
s+
√
s−4V 21/5
)
s3/2
√
s− 4V 21/5
• Contact – slepton (ℓ˜c) interference:
w˜(P−ℓ˜)γγ = 2C
ℓ˜aℓ˜∗bγγ(C ℓ˜aℓ˜
∗
bγ)2e4δab
[
−4 + (s− 8m2
ℓ˜a
)F
]
∼ (f˜4V−1)e4δab
[
−4 + (s− 8m2
ℓ˜a
)F
]
(330)
and
F ≡
log
(
1
2
√
s
√
s−4V 21/5− s
2
− s
2
− 1
2
√
s−4V 21/5√s
)
√
s
√
s− 4V 21/5
(331)
Summing up the contribution of w˜ for all channels: (328)
w˜γγ |s=(4m2
ℓ˜a
) ∼ V
21
5 , w˜′γγ |s=(4m2
ℓ˜a
) ∼ O(1), (332)
the “reduced” coefficients a˜γγ and b˜γγ will be given by
a˜γγ ∼ 1
32πm2
ℓ˜a
V 215 ∼ 10−2GeV −2; b˜γγ ∼ 3
64πm2
ℓ˜a
I(1) ∼ 10−23GeV −2. (333)
(c)ℓ˜aℓ˜
∗
b
→ γh
• slepton (ℓ˜c) exchange:
With
w˜
ℓ˜a ℓ˜∗b→γh
= w˜
(ℓ˜)
γh : (334)
w˜
(ℓ˜)
γh = −2
∣∣∣C ℓ˜∗b ℓ˜aγ∣∣∣2 ∣∣∣C ℓ˜∗b ℓ˜ah∣∣∣2 [(T t1 +m2ℓ˜aT t0 ) + (T u1 +m2ℓ˜bT u0 )
+(s+m2h − 2m2ℓ˜a − 2m
2
ℓ˜b
)Y0
]
∼ (f˜V−19/15)2
[
(T t1 +m2ℓ˜aT
t
0 ) + (T u1 +m2ℓ˜bT
u
0 ) + (s+m
2
h − 4m2ℓ˜a)Y0
]
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where
T t0 ≡ V
s
sV 425 + s
(
V21/5 − V 45 + s
)
V 215 +
(
−2sV 215 + V 85 − sV 45
)
V21/5
,
T u0 ≡ V
s
sV 425 + s
(
V 215 − V 45 + s
)
V 215 +
(
−2sV 215 + V 85 − sV 45
)
V 215
,
T t1 ≡ V
log
s−V 45−√s−V 45√1−V 45s √s−4V 215
s−V 45+
√
s−V 45
√
1−V
4
5
s
√
s−4V 215
(s− V 45)2 + s√1− V 45s √s− 4V 215 √s− V 45
(
s− V 45
)5/2√
1− V
4
5
s
√
s− 4V 215
,
T u1 ≡ V
log
 s−V 45−√s−V 45√1−V 45s √s−4V 215
s−V 45+
√
s−V 45
√
1−V
4
5
s
√
s−4V 215
(s− V 45)2 + s√1− V 45s √s− 4V 215 √s− V 45
(
s− V 45
)5/2√
1− V
4
5
s
√
s− 4V 215
,
Y0 ≡ V
2 log
s−V 45−√s−V 45√1−V 45s √s−4V 215
s−V 45+
√
s−V 45
√
1−V
4
5
s
√
s−4V 215

(
s− V 45
)3/2√
1− V
4
5
s
√
s− 4V 215
.
For s = 4m2
ℓ˜a
w˜γh|s=(4m2
ℓ˜a
) ∼ V−
61
5 , w˜′ZZ |s=(4m2
ℓ˜a
) ∼ V−13. (335)
The “reduced” coefficients a˜γh and b˜γh will be given by
a˜γh ∼ 1
32πm2
ℓ˜a
V− 615 ∼ 10−83GeV −2; b˜γh ∼ 3
64πm2
ℓ˜a
V−13 ∼ 10−87GeV −2. (336)
(d)ℓ˜aℓ˜
∗
b
→ hh
Now,
w˜
ℓ˜a ℓ˜∗b→hh
= w˜
(h,H,P )
hh + w˜
(ℓ˜)
hh + w˜
(h,H,P−ℓ˜)
hh (337)
where
• Higgs (h,H) exchange (+ Point interaction):
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ℓ˜a(p1)
ℓ˜∗b(p2)
(h,H)
h(p3)
h(p4)
ℓ˜a(p1) h(p3)
ℓ˜c
ℓ˜∗b(p2) h(p4)
Figure 30: Feynman diagrams for ℓ˜aℓ˜
∗
b → hh via s–channel Higgs exchange and t-channel ℓ˜∗c exchange.
w˜
(h,H,P )
hh =
∣∣∣∣∣∣
∑
r=h,H
ChHrC ℓ˜
∗
b ℓ˜ar
s−m2r + iΓrmr
− C ℓ˜∗b ℓ˜ahh
∣∣∣∣∣∣
2
. (338)
For mh = 125GeV,mH ∼ V 5972m 3
2
, mχ03 ∼ V
2
3m 2
3
∼ V− 43Mp, and Chhh ∼ m
2
h
v , C
ℓ˜aℓ˜bh ∼ C ℓ˜aℓ˜bH ∼
V− 3415 , C ℓ˜aℓ˜bhh ∼ V− 4118 from above, after simplifying, we have
w˜
(h,H,P )
hh =
∣∣∣∣∣ (102.V−
34
15 )mpl
s−m2h + iΓhmh
+
(102.V− 3415 )mpl
s−m2H + iΓHmH
− V− 4118
∣∣∣∣∣
2
. (339)
• slepton (ℓ˜c) exchange:
w˜
(ℓ˜)
hh =
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cHC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dH∗T t0 +
2∑
c,d=1
C ℓ˜
∗
c ℓ˜aHC ℓ˜
∗
b ℓ˜chC ℓ˜
∗
dℓ˜aH∗C ℓ˜
∗
b ℓ˜dh∗T u0
−2Re
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cHC ℓ˜
∗
dℓ˜aH∗C ℓ˜
∗
b ℓ˜dh∗Y0. (340)
Strictly speaking we are considering first generation of squarks which get identified with same modulus
A1. Therefore,
2∑
c,d=1
C ℓ˜
∗
c ℓ˜ahC ℓ˜
∗
b ℓ˜cHC ℓ˜
∗
dℓ˜ah∗C ℓ˜
∗
b ℓ˜dH∗ ∼ (V− 3415 )4 ∼ V−9M4p .
Hence
w˜
(ℓ˜)
hh = V−9(T t0 + T u0 − Y0)M4p .
(341)
The contribution of T t0 ,T u0 ,Y0 for ℓ˜aℓ˜∗b → hh is of the same order as ℓ˜aℓ˜∗b → ZZ.
• Higgs (h,H) (+ Point) – slepton (ℓ˜c) interference:
w˜
(h,H,P−ℓ˜)
hh = 2Re
2∑
c=1
 ∑
r=h,H
ChHrC ℓ˜
∗
b ℓ˜ar
s−m2r + iΓrmr
−C ℓ˜∗b ℓ˜ahh
∗ [C ℓ˜∗c ℓ˜ahC ℓ˜∗b ℓ˜cHF t + C ℓ˜∗c ℓ˜aHC ℓ˜∗b ℓ˜chFu], (342)
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χ0i
ℓ˜∗b(p2) l(p4)
Figure 31: Feynman diagram for ℓ˜aℓ˜
∗
b → hh via t-channel ℓ˜∗c exchange.
which expanding and incorporating in the values for the couplings,
w˜
(h,H,P−ℓ˜)
hh = 2V−
68
15
(
(102.V− 3415 )mpl
s−m2r + iΓrmr
+
(102.V− 3415 )mpl
s−m2r + iΓrmr
− V− 4118
)∗ [
F t + Fu
]
where F t = Fu ≡
log
(
−4V2−2V2/5+s−
√
s−4V2/5√s−12V2
−4V2−2V2/5+s+
√
s−4V2/5√s−12V2
)
√
s− 4V2/5√s− 12V2
. (343)
Summing up the contribution of w˜ for all channels:
w˜hh|s=(4m2
ℓ˜a
) ∼ V−3, w˜′hh|s=(4m2
ℓ˜a
) ∼ V−
36
5 , (344)
and the “reduced” coefficients a˜hh and b˜hh will be given by
a˜hh ∼ 1
32πm2
ℓ˜a
V−3 ∼ 10−37GeV −2; b˜hh ∼ 3
64πm2
ℓ˜a
V− 365 ∼ 10−48GeV −2 (345)
(e) ℓ˜aℓ˜b → ℓℓ
This process proceeds only t– and u–channel neutralino (χ0i , i = 1, 2, 3) exchange (w˜ℓ˜a ℓ˜b→ℓℓ =
w˜
(χ0)
ℓℓ ).
• neutralino (χ0i ) exchange:
w˜
(χ0)
ℓ˜a ℓ˜b→ℓℓ
=
3∑
i,j=1
[
DabijLLLLmχ0imχ0j (s− 2m2ℓ)T0 − 2m2ℓ
[
DabijLLRRmχ0imχ0jT0 +D
abij
LRRLT1
]
+DabijLRLR
[
− T2 − (s−m2ℓ˜a −m
2
ℓ˜b
)T1
−(m2
ℓ˜a
−m2ℓ )(m2ℓ˜b −m
2
ℓ)T0
]
−mℓmχ0i
[
DabijLLLR{T1 − (m2ℓ˜a −m
2
ℓ)T0}+DabijLLRL{T1 − (m2ℓ˜b −m
2
ℓ)T0}
]
−mℓmχ0j
[
DabijLRLL{T1 − (m2ℓ˜a −m
2
ℓ)T0}+DabijRLLL{T1 − (m2ℓ˜b −m
2
ℓ)T0}
]]
+
1
2
3∑
i,j=1
[
− 2DabijLLLLmχ0imχ0j (s− 2m2ℓ)Y0 + 4D
abij
LLRRmχ0imχ0jm
2
ℓY0 − 2DabijLRLRm2ℓ (m2ℓ˜a +m
2
ℓ˜b
− 2m2ℓ)Y0
+2DabijLRRL
[
− Y2 − (m2ℓ˜am
2
ℓ˜b
−m4ℓ)Y0
]
−mℓmχ0i
[
DabijLLLR{Y1 + (s+m2ℓ˜a −m
2
ℓ˜b
− 4m2ℓ)Y0}
+DabijLLRL{Y1 + (s−m2ℓ˜a +m
2
ℓ˜b
− 4m2ℓ)Y0}
]
+mℓmχ0j
[
DabijLRLL{Y1 − (s+m2ℓ˜a −m
2
ℓ˜b
− 4m2ℓ)Y0}
+DabijRLLL{Y1 − (s−m2ℓ˜a +m
2
ℓ˜b
− 4m2ℓ)Y0}
]]
, (346)
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where
DabijLLLL = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
L C
χ0j ℓ˜
∗
b ℓ
L C
χ0j ℓ˜
∗
aℓ
L + (L→ R),
DabijLLRR = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
L C
χ0j ℓ˜
∗
b ℓ
R C
χ0j ℓ˜
∗
aℓ
R + (L↔ R),
DabijLRRL = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
R C
χ0j ℓ˜
∗
b ℓ
R C
χ0j ℓ˜
∗
aℓ
L + (L↔ R),
DabijLRLR = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
R C
χ0j ℓ˜
∗
b ℓ
L C
χ0j ℓ˜
∗
aℓ
R + (L↔ R),
DabijLLLR = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
L C
χ0j ℓ˜
∗
b ℓ
L C
χ0j ℓ˜
∗
aℓ
R + (L↔ R),
DabijLLRL = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
L C
χ0j ℓ˜
∗
b ℓ
R C
χ0j ℓ˜
∗
aℓ
L + (L↔ R),
DabijLRLL = C
χ0i ℓ˜
∗
aℓ∗
L C
χ0i ℓ˜
∗
b ℓ∗
R C
χ0j ℓ˜
∗
b ℓ
L C
χ0j ℓ˜
∗
aℓ
L + (L↔ R),
DabijRLLL = C
χ0i ℓ˜
∗
aℓ∗
R C
χ0i ℓ˜
∗
b ℓ∗
L C
χ0j ℓ˜
∗
b ℓ
L C
χ0j ℓ˜
∗
aℓ
L + (L↔ R). (347)
Given that mχ03 ∼ V
− 4
3Mp,mχ01 = mχ02 ∼ V−1Mp, C
χ0i ℓ˜
∗
aℓ∗
R ∼ f˜V−
1
2 , C
χ0i ℓ˜
∗
aℓ∗
R ∼ f˜V−
12
15 , by expanding
summation, the above expression reduces to
w˜
(χ0)
ℓ˜a ℓ˜b→ℓℓ
∼
√
s
√
s− 4V 215
(
8sV2 − 160V 75
)
− 2
(
−160V 75V 215 + 9s2 + s8V 315
)
log
(
√
s−
√
s−4V 215
√
s+
√
s−4V 215
)
2s3/2V 295
√
s− 4V 215
.
For s = 4m2
ℓ˜a
w˜ℓℓ|s=(4m2
ℓ˜a
) ∼ V−
19
5 , w˜′ℓℓ|s=(4m2
ℓ˜a
) ∼ V−8. (348)
The “reduced” coefficients a˜ℓℓ and b˜ℓℓ will be given by
a˜ℓℓ ∼ 1
32πm2
ℓ˜a
V− 195 ∼ 10−41GeV −2; b˜ℓℓ ∼ 3
64πm2
ℓ˜a
V−8 ∼ 10−62GeV −2. (349)
Summing up the contribution of partial wave coefficients for each possible annihilation processes:
a
ℓ˜aℓ˜∗b→f1f2
= a˜ZZ + a˜hZ + a˜hγ + a˜γγ + a˜hh + a˜ll ≡ O(10)11GeV −2
b
ℓ˜aℓ˜∗b→f1f2
= b˜ZZ + b˜hZ + b˜hγ + b˜γγ + b˜hh + b˜ll ≡ O(10)−10GeV −2, (350)
and
J(xf ) ≡
∫ xf
0
dx〈σvMøl〉(x) =
∫ xf
0
dx(a+ bxf ) = axf + b
x2f
2
,
where x = T/m
ℓ˜a
.
Using the analytical expression of relic abundance as given in (303)
Ω
ℓ˜a
=
1
µ2
√
g∗J(xF )
(351)
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where µ = 1.2× 105GeV . For J(xf ) ∼ a(xf ) + bxf
2
2 ∼ 1011xfGeV −2 and xf = 133 ,
√
g∗ = 9
Ω
ℓ˜a
∼ 33
1.44 × 1010 · 9 · 1011 ≡ 10
−20, (352)
for m 3
2
∼ 108GeV and m
ℓ˜a
∼ V 12m 3
2
, relic abundance of gravitino will be given as :
ΩG˜ = Ωℓ˜a ×
m 3
2
m
ℓ˜a
= 10−20 × V− 12 ∼ 10−22 for V ∼ 105. (353)
From (305) and (353), it appears that relic abundance of gravitino turns out to be extremely suppressed
in case of slepton (NLSP) (co-)annihilations as compared to relic abundance of gravitino in case of
neutralino (NLSP) aannihilations, for almost similar value of thermal cross-section.
6 Results and Discussion
In most of the supersymmetric models, gravitino appears as most natural candidate of dark matter,
the stability of which is governed by R-parity conservation that was initially proposed to explain the
non-observation of proton decays in collider physics. However in split SUSY models, the constraints
appearing from R-parity conservation are relaxed because of the fact that high scalar masses help to
avoid the fast proton decay. Therefore it is interesting to see if gravitino appears as a stable dark
matter candidate by taking into consideration trilinear R-parity violating couplings.
Large volume Swiss-Cheese type IIB compactifications [42] have been of wide interest, both from
cosmological as well as phenomenological points of view. In this paper, we have investigated, in detail,
the possibility of gravitino as a viable dark matter candidate in the framework of “L(arge) V(olume)
µ- split SUSY” scenario. The presented scenario includes four Wilson line moduli on the world volume
of space-time filling D7-branes wrapped around the “big divisor” and two position moduli of a mobile
space-time filling D3-brane restricted to (nearly) a special Lagrangian sub-manifold. We have shown
that the N = 1 gauged supergravity fermionic mass term corresponding to fermionic super-partners
of two (A1 and A3) of the aforementioned four Wilson line moduli matches very well with the order
of Dirac mass of the electron, and the N = 1 gauged supergravity fermionic mass term corresponding
to fermionic super-partners of the remaining two (A2 and A4) of the aforementioned four Wilson line
moduli, matches very well with the order of Dirac masses of the first generation SM-like quarks, such
that the fermionic superpartners of A1 and A3 get identified, respectively with eL and eR, and the
fermionic superpartners of A2 andA4 get identified, respectively with the first generation quarks: u/dL
and u/dR. In doing so we also show that the RG-flow equations for the “effective” Yukawa couplings
relevant to the fermionic mass calculations, change by O(1) in flowing from the string to the EW scale;
it has been shown in [10] that with some fine tuning, it is possible to RG flow the value of 〈zi〉 (identified
with Higgs VEV) ∼ V 136Mp at string scale to 〈zi〉 ∼ 246MeV at the EW scale. In fact, using the
RG-flow arguments of [10], one can also show that the Weinberg-type dimension-five Majorana-mass
generating operator: O(〈zi〉2) coefficient in
e
K
2 ∂
2W
∂A2
1√
K2ZiZ¯i
K2A1A¯1
(
χ¯A1L Zi
)2
or in fact
e
K
2 DA¯1DA1W¯√
K2ZiZ¯i
K2A1A¯1
(
χ¯A1L Zi
)2
produces the correct first-generation neutrino mass scale of slightly less than 1eV for 〈zi〉 ∼ O(1)V 136 .
We also show that it is possible to generate the massive gauge boson mass scales corresponding to
the W/Z-bosons, under a similar RG flow. Building up on this set up, we have also evaluated masses
of all supersymmetric as well as soft SUSY breaking parameters obtainable from bulk F -terms in the
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context of gravity mediation. Using RG-flow solutions of scalar masses, similar to the ones for a single
Wilson line modulus set up of [40], one can again show that values of same do not change from string
scale down to EW scale. On evaluation of the soft supersymmetry breaking parameters, we find a
universality in the squarks/sleptons masses and assuming non-universality in the D3-brane position
moduli ( to be identified with the neutral components of the Higgs doublets) masses, on diagonalizing
the Higgs mass matrix we obtain, at the EW scale, one light Higgs of the order 125GeV and one
heavy Higgs while the Higgsino mass parameter comes out to be heavy. The lightest neutralino is
predominantly gaugino(Wino/Bino)-type formed by linear a combination of gaugino and Higgsino.
The mass scales of various SM and superpartners are given in table 1. After calculating the masses of
various SM and their superpartners, it appears that gravitino is the Lightest Supersymmetric particle
(LSP) for Calabi-Yau volume V ∼ 105 which motivates the query: can we have gravitino DM in gravity
mediation scenarios ?
In big bang cosmology, gravitino population depends on two kinds of mechanisms: thermal as
well as non-thermal production. We assume that reheating temperature is low enough to produce the
effective relic abundance of gravitino in agreement with experimental observations, therefore almost
all of the gravitinos are produced by electromagnetic as well as hadronic decays of unstable NLSP.
The scale of masses of various superpartners suggest that because of an O(1) difference between the
masses of the sleptons/squarks and the lightest neutralino and given that in our calculations we have
not bothered about such O(1) factors, both can exist as valid NLSP candidate if life-times of the
same are such that they do not spoil the bounds given by Big Bang Nucleosynthesis(BBN). Based
on this fact, by considering the contributions of all required couplings in N = 1 gauged supergravity
action and assuming that similar to the aforementioned effective Yukawa couplings, there is only an
O(1) multiplicative change in the three-point interaction vertices in RG-flowing from the string to the
EW scales, in section 3, we have estimated the mean lifetime by calculating two-body and three-body
decay widths of Gravitino decaying into SM particles, which in case of two-body decays, comes out to
be 1017 seconds and in case of three-body decays, comes out to be 1021 seconds, i.e., greater than the
age of the universe and hence satisfies the requirement of an appropriate DM candidate. In section
4.1 we have discussed in detail the leading two body decays of gaugino/neutralino B˜ → ψµZ, µγ
and three body λ01,2 → ψµuu¯, ψµW+W− decays and determine that life-time of these decays comes
out to be too short to affect the prediction of BBN. In 4.1.2, we have (re)calculated the tree-level
as well as one-loop gluino decays into neutralino as well as Gravitino/Goldstino in four-Wilson-line-
moduli set up, large life time(s) of which satisfy one of the important phenomenological features of
“µ- split SUSY” but can not be considered as an appropriate NLSP’s because late decays of the same
into Goldstino(longitudinal component of Gravitino) can surely elude the constraints coming from
BBN. Furthermore, since we are considering R-parity violating couplings into account, in addition
to NLSP decaying into LSP, there might be chances that neutralino(NLSP) directly decays into SM
particles via R-parity violating couplings and hence affect the relic abundance of gravitino produced
by neutralino. To ensure that this does not happen, in 4.2, we have studied in detail the three-body
decay width of three-body decay of neutralino into SM particles (χ03 → uLd¯RlL), which comes out to
be very much less than the two- and three-body decay widths of ordinary neutralino decays into LSP.
Therefore, we show that R-parity violating couplings do not affect relic abundance of gravitino. On
a similar ground, we have calculated three body decay width of sleptons l˜ → G˜l, l˜ → l′G˜V , which
similar to neutralino decays are short enough to affect bounds on BBN. The numerical estimates of
various N(LSP)’s are provided in table 4.4. In short, the explicit calculation of life times of both,
LSP and NLSP, confirms that gravitino can be considered as an appropriate dark matter candidate.
However this is not the end of the story. The viable dark matter candidate should also have the right
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order of relic abundance in the range provided by WMAP data and other direct as well as indirect
experiments. With the assumption that the next-lightest supersymmetric particle (NLSP) freezes out
with its thermal relic density before decaying to the gravitino and then eventually decays to gravitino,
relic density of gravitino will be completely given in terms of relic density of NLSP. Therefore, in
section 5, utilizing the partial wave expansion approach, we explicitly calculate thermal annihilation
cross-section of sleptons and neutralino which ultimately give gravitino relic abundance from sleptons
to be extremely suppressed while the same from neutralino comes out to be 0.16, almost in agreement
with the value of ΩCh
2 suggested by the WMAP 7-year CMB anisotropy observation [2].
We repeatedly mention that all the above results are simply dependent on dilute f˜ -fluxes and
Calabi-Yau volume V which we have fixed to be around 10−4 and 105 respectively in the paper.
The lower bound on f˜ ∼ 10−4 appears by imposing that the flux-dependent D-term potential is sub-
dominant as compared to the F -term potential in the dilute flux approximation (see [11]). Though one
could have chosen a viable range of f˜s satisfying the lower bound of f˜ ∼ 10−4, the justification behind
choosing a particular value of f˜ ∼ 10−4 is because of getting the right amount of relic abundance of
Gravitino. The justification behind constraining a value of Calabi-Yau V to be of the order 105 is based
on the right identification of Wilson line moduli and position moduli with Standard Model particle
spectrum. The masses of first-generation leptons and quarks are generated from Yukawa couplings
only for a particular value of Calabi-Yau V ∼ 105 in the set-up.
An interesting outcome of our current project is that for trilinear R-parity violating couplings λ′ijk
(to be interpreted as an effective Yukawa couplings in N = 1 gauged supergravity evaluated in 4)
∼ V− 53 and λ′′ijk (to be interpreted as an effective Yukawa couplings in N = 1 gauged supergravity
evaluated in 4) ∼ V− 4330 , according to the analytic expression given in [41], the rough estimate of
proton decay width comes out to be
Γp→e+π0 ∼ m5proton
∣∣∣λ′ijkλ′′ijk∣∣∣2
m4q˜I
∼ V
−6.1
m4q˜I
∼ 10−73GeV, (354)
thus giving life time of about 1042 years, which explicitly governs the stability of proton in the presence
of small R-parity violating couplings discussed in µ-split SUSY scenario.
To summarize, we conclude that the gravitino qualifies as a potential dark matter candidate in
Large volume“µ split SUSY” scenario.
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A Geometric Ka¨hler Potential
The crux of the Donaldson’s algorithm is that the sequence
1
kπ
∂i∂¯j¯
ln∑
α,β
hαβ¯sαs¯β¯

on P ({zi}), in the k →∞-limit - which in practice implies k ∼ 10 - converges to a unique Calabi-Yau
metric for the given Ka¨hler class and complex structure; hαβ¯ is a balanced metric on the line bundle
OP ({zi})(k) (with sections sα) for any k ≥ 1, i.e.,
T (h)αβ¯ ≡
Nk∑
j=1wj
∑
i
sα(pi)sβ(pi)wi
hγδ¯sγ(pi)sδ(pi)
= hαβ¯ ,
where the weight at point pi, wi ∼ i
∗(J3GLSM )
Ω∧Ω¯ with the embedding map i : P ({zi}) →֒WCP4 and the
number of sections is denoted by Nk. The defining hypersurface of the Swiss-Cheese Calabi-Yau in
the x2 = 1-coordinate patch in WCP
4[1, 1, 1, 6, 9] is given by:
1 + z181 + z
18
2 + z
3
3 + z
2
4 − ψz1z2z3z4 − 3φz61z62 = 0. (A1)
In the large volume limit, the above can be satisfied if, e.g., 1+z181 +z
18
2 ∼ −z33 , z24 ∼ ψz1z2z3z4+3φz61z62 .
For z1,2 ∼ V 136 , one sees the same are satisfied for z3,4 ∼ V 16 provided ψV 118 ∼ 3φ. Therefore:
h1z¯i ∼
V 136
hz
2
4 z¯
2
4V 23
, h1z¯4 ∼
V 16
hz
2
4 z¯
2
4V 23
h1z¯2i
∼ V
1
18
hz
2
4 z¯
2
4V 23
, h1z¯24 ∼
V 13
hz
2
4 z¯
2
4V 23
h1z¯iz¯4 ∼
V 16+ 136
hz
2
4 z¯
2
4V 23
, hziz¯j ∼
V 118
hz
2
4 z¯
2
4V 23
hziz¯4 ∼
V 136+ 16
hz
2
4 z¯
2
4V 23
, hziz¯j z¯k ∼
V 112
hz
2
4 z¯
2
4V 23
hziz¯24 ∼
V 136+ 13
hz
2
4 z¯
2
4V 23
, hziz¯j z¯4 ∼
V 118+ 16
hz
2
4 z¯
2
4V 23
hz4z¯4 ∼
V 13
hz
2
4 z¯
2
4V 23
, hz4z¯2i
∼ V
1
18
+ 1
6
hz
2
4 z¯
2
4V 23
hz4z¯24 ∼
√V
hz
2
4 z¯
2
4V 23
, hz4z¯iz¯4 ∼
V 136+ 13
hz
2
4 z¯
2
4V 23
hzizj z¯k z¯l ∼
V 19
hz
2
4 z¯
2
4V 23
, hzizj z¯24 ∼
V 118+ 13
hz
2
4 z¯
2
4V 23
hzizj z¯k z¯4 ∼
V 112+ 16
hz
2
4 z¯
2
4V 23
, hz24 z¯24 ∼
1
hz
2
4 z¯
2
4
hz24 z¯iz¯4 ∼
V 136+ 12
hz
2
4 z¯
2
4V 23
, hziz4z¯iz¯4 ∼
V 118+ 13
hz
2
4 z¯
2
4V 23
, (A2)
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which on being inverted gives:
hαβ¯ ∼

h11 h1z¯i h1z¯4 h1z¯
2
i h1z¯
2
4 h1z¯iz¯4
hzi1 hziz¯j hziz¯4 hziz¯j z¯k hziz¯
2
4 hziz¯j z¯4
hz41 hz4z¯i hz4z¯4 hz4z¯iz¯j hz4z¯
2
4 hz4z¯iz¯4
hzizj1 hzizj z¯k hzizj z¯4 hzizj z¯k z¯l hzizj z¯
2
4 hzizj z¯k z¯4
hz
2
41 hz
2
4 z¯i hz
2
4 z¯4 hz
2
4 z¯iz¯j hz
2
4 z¯
2
4 hz
2
4 z¯iz¯4
hziz41 hziz4z¯k hziz4z¯4 hziz4z¯j z¯k hziz4z¯
2
4 hziz4z¯j z¯4


hz
2
4 z¯
2
4V 2/3 hz
2
4 z¯
2
4V 23/36 hz
2
4 z¯
2
4
√
V hz
2
4 z¯
2
4V 11/18 hz
2
4 z¯
2
4
3
√
V hz
2
4 z¯
2
4V 17/36
hz
2
4 z¯
2
4V 23/36 hz
2
4 z¯
2
4V 11/18 hz
2
4 z¯
2
4V 17/36 hz
2
4 z¯
2
4V 7/12 hz
2
4 z¯
2
4V 11/36 hz
2
4 z¯
2
4V 4/9
hz
2
4 z¯
2
4
√
V hz
2
4 z¯
2
4V 17/36 hz
2
4 z¯
2
4
3
√
V hz
2
4 z¯
2
4V 4/9 hz
2
4 z¯
2
4
6
√
V hz
2
4 z¯
2
4V 11/36
hz
2
4 z¯
2
4V 11/18 hz
2
4 z¯
2
4V 7/12 hz
2
4 z¯
2
4V 4/9 hz
2
4 z¯
2
4V 5/9 hz
2
4 z¯
2
4V 5/18 hz
2
4 z¯
2
4V 5/12
hz
2
4 z¯
2
4
3
√
V hz
2
4 z¯
2
4V 11/36 hz
2
4 z¯
2
4
6
√
V hz
2
4 z¯
2
4V 5/18 hz
2
4 z¯
2
4 hz
2
4 z¯
2
4V 5/36
hz
2
4 z¯
2
4V 17/36 hz
2
4 z¯
2
4V 4/9 hz
2
4 z¯
2
4V 11/36 hz
2
4 z¯
2
4V 5/12 hz
2
4 z¯
2
4V 5/36 hz
2
4 z¯
2
4V 5/18

.
(A3)
Using (A3), one hence obtains the Ka¨hler potential ansatz of (23).
B Evaluation of intersection numbers CIJ¯
The contribution of various intersection numbers CIJ¯ corresponding to four wilson line moduli formed
by including four D7- branes overlapping the big ”Divisor” can be calculated by evaluating CIJ¯α =∫
ΣB i
∗ωα∧AI∧AJ¯ where values of AI=1,2,3,4’s are given in equation no (16). Utilizing their expressions,
resultant contribution of various CIJ¯ ’s are given as below:
C11¯ ∼
1
V
∫
z181 z
19
2 z¯
18
1 z¯
19
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2, (B1)
which using dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2 ∼ |z1|d|z1| ∧ d(argz1) ∧ |z2|d|z2| ∧ d(argz2) yields:
C11¯ ∼
1
V
∫
|z1|36|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|38|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 3736+ 3936−1 = V 109 ;
C22¯ ∼
1
V
∫
z181 z2z¯
18
1 z¯2δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|36|z1|δ
(
|z1| − V 136
)
d|z1|
∫
|z2|2|z2|δ
(
|z2| − V 136
)
d|z2|
∼ V 3736+ 336−1 = V 19 ;
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C12¯ ∼
1
V
∫
z181 z
19
2 z¯
18
1 z¯2δ
(
|z1| − V 136
)
δ
(
|z2| − V 136
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|36|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|20|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 3736+ 2136−1 = V 1118 ;
C13¯ ∼
1
V
∫
z181 z
19
2 z¯
18
1 z¯
37
2 δ
(
|z1| − V 136
)
δ
(
|z2| − V 136
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|36|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|56|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 3736+ 5736−1 = V 2918 ;
C33¯ ∼
1
V
∫
z181 z
37
2 z¯
18
1 z¯
37
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|36|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|74|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 3736+ 7536−1 = V 199 ;
C23¯ ∼
1
V
∫
z181 z2z¯
18
1 z¯
37
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|36|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|38|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 3736+ 3936−1 = V 109 ;
C44¯ ∼
1
V
∫
z361 z
37
2 z¯
36
1 z¯
37
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|72|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|74|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 7336+ 7536−1 = V 289 ;
C14¯ ∼
1
V
∫
z181 z
19
2 z¯
36
1 z¯
37
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|54|z1|δ
(
|z1| − V 136
)
d|z1|
∫
|z2|56|z2|δ
(
|z2| − V 136
)
d|z2|
∼ V 5536+ 5736−1 = V 199 ;
C24¯ ∼
1
V
∫
z181 z2z¯
36
1 z¯
37
2 δ
(
|z1| − V
1
36
)
δ
(
|z2| − V
1
36
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|54|z1|δ
(
|z1| − V 136
)
d|z1|
∫
|z2|38|z2|δ
(
|z2| − V 136
)
d|z2|
∼ V 5536+ 3936−1 = V 2918 ;
C34¯ ∼
1
V
∫
z181 z
37
2 z¯
36
1 z¯
37
2 δ
(
|z1| − V 136
)
δ
(
|z2| − V 136
)
dz1 ∧ dz¯1 ∧ dz2 ∧ dz¯2
∼ 1V
∫
|z1|54|z1|δ
(
|z1| − V
1
36
)
d|z1|
∫
|z2|74|z2|δ
(
|z2| − V
1
36
)
d|z2|
∼ V 5536+ 7536−1 = V 4718 .
(B2)
91
C Moduli space metric
On expanding moduli space metric in the fluctuations linear in zi=1,2 and ai=1,2,3,4 about their sta-
bilized values given above in the paper, the expressions for moduli space metric, its inverse and its
derivatives w.r.t each moduli are quoted below.
gAB¯ ∼


1
V2/3
1
V5/12
1
V11/12
12
√
V V7/12
1
V5/12 V
4/9 1
18
√
V V
17/18 V13/9
1
V11/12
1
18
√
V
1
V5/9 V
4/9 V17/18
12
√
V V17/18 V4/9 V13/9 V35/18
V7/12 V13/9 V17/18 V35/18 V22/9


+


1
V
1
V4/9
1
V17/18
18
√
V V5/9
1
V4/9
1√
V −
1
V25/36 V
11/36 V29/36
1
V17/18
1
V25/36
1
V43/36
1
V7/36 V
11/36
18
√
V V11/36 1V7/36
√
V V47/36
V5/9 V29/36 V11/36 V47/36 V65/36


δz1 +


1
V4/9
1
V7/36
1
V25/36 V
11/36 V29/36
1
V7/36 V
2/3 6
√
V V7/6 V5/3
1
V25/36
6
√
V 13√V V
2/3 V7/6
V11/36 V7/6 V2/3 V5/3 V13/6
V29/36 V5/3 V7/6 V13/6 V8/3


δa1+


1
V17/18
1
V25/36
1
V43/36
1
V7/36 V
11/36
1
V25/36
6
√
V 13√V V
2/3 V7/6
1
V43/36
1
3
√
V
1
V5/6
6
√
V V2/3
1
V7/36 V
2/3 6
√
V V7/6 V5/3
V11/36 V7/6 V2/3 V5/3 V13/6


δa2


18
√
V V11/36 1V7/36 V
29/36 V47/36
V11/36 V7/6 V2/3 V5/3 V13/6
1
V7/36 V
2/3 6
√
V V7/6 V5/3
V29/36 V5/3 V7/6 V13/6 V8/3
V47/36 V13/6 V5/3 V8/3 V19/6


δa3+


V5/9 V29/36 V11/36 V47/36 V65/36
V29/36 V5/3 V7/6 V13/6 V8/3
V11/36 V7/6 V2/3 V5/3 V13/6
V47/36 V13/6 V5/3 V8/3 V19/6
V65/36 V8/3 V13/6 V19/6 V11/3


δa4 (B1)
g
AB¯ ∼


V2/3 1V7/36 V
11/36 1
V25/36
1
V43/36
1
V7/36
1
V4/9
18
√
V 1V17/18
1
V13/9
V11/36 18
√
V V5/9 1V4/9
1
V17/18
1
V25/36
1
V17/18
1
V4/9
1
V13/9
1
V35/18
1
V43/36
1
V13/9
1
V17/18
1
V35/18
1
V22/9


+


3
√
V 1V2/9 V
5/18 1
V13/18
1
V11/9
1
V2/9
1
V13/12
1
V7/12
1
V19/12
1
V25/12
V5/18 1V7/12
1
12
√
V
1
V13/12
1
V19/12
1
V13/18
1
V19/12
1
V13/12
1
V25/12
1
V31/12
1
V11/9
1
V25/12
1
V19/12
1
V31/12
1
V37/12


δz1 +


V8/9 36
√
V V19/36 1V17/36 0
36
√
V 1V2/9 V
5/18 1
V13/18
1
V11/9
V19/36 V5/18 V7/9 1V2/9 0
1
V17/36
1
V13/18
1
V2/9
1
V11/9
1
V31/18
0 1V11/9 0
1
V31/18 0


δa1 +


V7/18 1V17/36
36
√
V 1V35/36
1
V53/36
1
V17/36
1
V13/18
1
V2/9
1
V11/9
1
V31/18
36
√
V 1V2/9 V
5/18 1
V13/18
1
V11/9
1
V35/36
1
V11/9
1
V13/18
1
V31/18
1
V20/9
1
V53/36
1
V31/18
1
V11/9
1
V20/9
1
V49/18


a2


V25/18 V19/36 V37/36 0 0
V19/36 V5/18 V7/9 0 0
V37/36 V7/9 V23/18 V5/18 1V2/9
0 0 V5/18 V13/18 0
0 0 1V2/9 0
1
V31/18


δa3 +


V17/9 V37/36 V55/36 V19/36 36
√
V
V37/36 V7/9 V23/18 V5/18 1V2/9
V55/36 V23/18 V16/9 V7/9 V5/18
V19/36 V5/18 V7/9 1V2/9
1
V13/18
36
√
V 1V2/9 V
5/18 1
V13/18
1
V11/9


a4 (B2)
∂z1gAB¯ ∼


1
V
1
V4/9
1
V17/18
18
√
V V5/9
1
V4/9
1√
V
1
V25/36 60 V
29/36
1
V17/18
1
V25/36
1
V43/36
1
V7/36 V
11/36
18
√
V 60 1V7/36
√
V V47/36
V5/9 V29/36 V11/36 V47/36 V65/36


+


1
V37/36
1
V7/9
1
V23/18
1
V5/18 V
2/9
1
V7/9
1
V19/36
1
V13/18
1
36
√
V V
7/9
1
V23/18
1
V13/18
1
V11/9
1
V2/9 V
5/18
1
V5/18
1
36
√
V
1
V2/9 V
17/36 V23/18
V2/9 V7/9 V5/18 V23/18 V16/9


δz1
92


1
V7/9
1
V2/9
1
V13/18 V
5/18 V7/9
1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
1
V13/18
1
V17/36
1
V35/36
36
√
V V19/36
V5/18 V19/36 36
√
V V37/36 V55/36
V7/9 V37/36 V19/36 V55/36 V73/36


δa1 +


1
V23/18
1
V13/18
1
V11/9
1
V2/9 V
5/18
1
V13/18
1
V17/36
1
V35/36
36
√
V V19/36
1
V11/9
1
V35/36
1
V53/36
1
V17/36
36
√
V
1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
V5/18 V19/36 36
√
V V37/36 V55/36


δa2


1
V5/18 V
5/18 1
V2/9 V
7/9 V23/18
V5/18 V19/36 36
√
V V37/36 V55/36
1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
V7/9 V37/36 V19/36 V55/36 V73/36
V23/18 V55/36 V37/36 V73/36 V91/36


δa3 +


V2/9 V7/9 V5/18 V23/18 V16/9
V7/9 V37/36 V19/36 V55/36 V73/36
V5/18 V19/36 36
√
V V37/36 V55/36
V23/18 V55/36 V37/36 V73/36 V91/36
V16/9 V73/36 V55/36 V91/36 V109/36


δa4 (B3)
∂a1gAB¯ ∼


1
V4/9
1√
V
1
V25/36 81 V
29/36
1√
V V
2/3 6
√
V V7/6 V5/3
1
V25/36
6
√
V 13√V V
2/3 V7/6
81 V7/6 V2/3 V5/3 V13/6
V29/36 V5/3 V7/6 V13/6 V8/3


+


1
V7/9
1
V19/36
1
V13/18
1
36
√
V V
7/9
1
V19/36
36
√
V 1V17/36 V
19/36 V37/36
1
V13/18
1
V17/36
1
V35/36
36
√
V V19/36
1
36
√
V V
19/36 36
√
V V37/36 V55/36
V7/9 V37/36 V19/36 V55/36 V73/36


δz1+


1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
36
√
V V8/9 V7/18 V25/18 V25/18
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
V19/36 V25/18 V8/9 V17/9 V43/18
V37/36 V25/18 V25/18 V43/18 V26/9


δa1+


1
V13/18
1
V17/36
1
V17/36
36
√
V V19/36
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
1
V17/36
1
9
√
V
1
V11/18 V
7/18 V8/9
36
√
V V8/9 V7/18 V25/18 V17/9
V19/36 V25/18 V8/9 V17/9 V43/18


δa2


V5/18 V19/36 36
√
V V37/36 V55/36
V19/36 V25/18 V8/9 V17/9 V43/18
36
√
V V8/9 V7/18 V25/18 V17/9
V37/36 V17/9 V25/18 V43/18 V26/9
V55/36 V43/18 V17/9 V26/9 V61/18


δa3+


V7/9 V37/36 V19/36 V55/36 V73/36
V37/36 V17/9 V25/18 V43/18 V26/9
V19/36 V25/18 V8/9 V17/9 V43/18
V55/36 V43/18 V17/9 V26/9 V61/18
V73/36 V26/9 V43/18 Null61/18 V35/9


δa4 (B4)
∂a2gAB¯ ∼


1
V17/18
1
V25/36
1
V43/36
1
V7/36 V
11/36
1
V25/36
6
√
V 13√V V
2/3 V7/6
1
V43/36
1
3
√
V
1
V5/6
6
√
V V2/3
1
V7/36 V
2/3 6
√
V V7/6 V5/3
V11/36 V7/6 V2/3 V5/3 V13/6


+


1
V23/18
1
V13/18
1
V11/9
1
V2/9 V
5/18
1
V13/18
1
V17/36
1
V35/36
36
√
V V19/36
1
V11/9
1
V35/36
1
V53/36
1
V17/36
36
√
V
1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
V5/18 V19/36 36
√
V V37/36 V55/36


δz1 +


1
V13/18
1
V17/36
1
V35/36
36
√
V 36
√
V
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
1
V35/36
1
9
√
V
1
V11/18 V
7/18 V8/9
36
√
V V8/9 V7/18 V25/18 V17/9
36
√
V V25/18 V8/9 V17/9 V43/18


δa1 +


1
V11/9
1
V35/36
1
V53/36
1
V17/36
36
√
V
1
V35/36
1
9
√
V
1
V11/18 V
7/18 V8/9
1
V53/36
1
V11/18
1
V10/9
1
9
√
V V
7/18
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
36
√
V V8/9 V7/18 V25/18 V17/9


δa2


1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
36
√
V V8/9 V7/18 V25/18 V17/9
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
V19/36 V25/18 V8/9 V17/9 V43/18
V37/36 V17/9 V25/18 V43/18 V26/9


δa3 +


V5/18 V19/36 36
√
V V37/36 V55/36
V19/36 V25/18 V8/9 V17/9 V43/18
36
√
V V8/9 V7/18 V25/18 V17/9
V37/36 V17/9 V25/18 V43/18 V26/9
V55/36 V43/18 V17/9 V26/9 V61/18


δa4 (B5)
93
∂a3gAB¯(z1) ∼


18
√
V 81 1V7/36
√
V V47/36
81 V7/6 V2/3 V5/3 V13/6
1
V7/36 V
2/3 6
√
V V7/6 V5/3√
V V5/3 V7/6 V13/6 V8/3
V47/36 V13/6 V5/3 V8/3 V19/6


+


1
V5/18
1
36
√
V
1
V2/9 V
17/36 V23/18
1
36
√
V V
19/36 36
√
V V37/36 V55/36
1
V2/9
36
√
V 1V17/36 V
19/36 V37/36
V17/36 V37/36 V19/36 V55/36 V73/36
V23/18 V55/36 V37/36 V73/36 V91/36


δz1+


V5/18 V19/36 36
√
V V37/36 V55/36
V19/36 V25/18 V8/9 V17/9 V43/18
36
√
V V8/9 V7/18 V25/18 V17/9
V37/36 V17/9 V25/18 V43/18 V26/9
V55/36 V43/18 V17/9 V26/9 V61/18


δa1 +


V2/9 36
√
V 1V17/36 V
19/36 V37/36
36
√
V V8/9 V7/18 V25/18 V17/9
1
V17/36 V
7/18 1
9
√
V V
8/9 V25/18
V19/36 V25/18 V8/9 V17/9 V43/18
V37/36 V17/9 V25/18 V43/18 V26/9


δa2


V7/9 V37/36 V19/36 V55/36 V73/36
V37/36 V17/9 V25/18 V43/18 V26/9
V19/36 V25/18 V8/9 V17/9 V43/18
V55/36 V43/18 V17/9 V26/9 V61/18
V73/36 V26/9 V43/18 V61/18 V35/9


δa3 +


V23/18 V55/36 V37/36 V73/36 V91/36
V55/36 V43/18 V17/9 V26/9 V61/18
V37/36 V17/9 V25/18 V43/18 V26/9
V73/36 V26/9 V43/18 V61/18 V35/9
V91/36 V61/18 V26/9 V35/9 V79/18


δa4 (B6)
∂a4gAB¯ ∼


V5/9 V29/36 V11/36 V47/36 V65/36
V29/36 V5/3 V7/6 V13/6 V8/3
V11/36 V7/6 V2/3 V5/3 V13/6
V47/36 V13/6 V5/3 V8/3 V19/6
V65/36 V8/3 V13/6 V19/6 V11/3


+


V2/9 V7/9 V5/18 V23/18 V16/9
V7/9 V37/36 V19/36 V55/36 V73/36
V5/18 V19/36 36
√
V V37/36 V55/36
V23/18 V55/36 V37/36 V73/36 V91/36
V16/9 V73/36 V55/36 V91/36 V109/36


δz1


V7/9 V37/36 V19/36 V55/36 V73/36
V37/36 V17/9 V25/18 V43/18 V26/9
V19/36 V25/18 V8/9 V17/9 V43/18
V55/36 V43/18 V17/9 V26/9 V61/18
V73/36 V26/9 V43/18 V61/18 V35/9


δa1 +


V5/18 V19/36 36
√
V V37/36 V55/36
V19/36 V25/18 V8/9 V17/9 V43/18
36
√
V V8/9 V7/18 V25/18 V17/9
V37/36 V17/9 V25/18 V43/18 V26/9
V55/36 V43/18 V17/9 V26/9 V61/18


δa2


V23/18 V55/36 V37/36 V73/36 V91/36
V55/36 V43/18 V17/9 V26/9 V61/18
V37/36 V17/9 V25/18 V43/18 V26/9
V73/36 V26/9 V43/18 V61/18 V35/9
V91/36 V61/18 V26/9 V35/9 V79/18


δa3 +


V16/9 V73/36 V55/36 V91/36 V109/36
V73/36 V26/9 V43/18 V61/18 V35/9
V55/36 V43/18 V17/9 V26/9 V61/18
V91/36 V61/18 V26/9 V35/9 V79/18
V109/36 V35/9 V61/18 V79/18 V44/9


δa4 (B7)
D Evaluation of matrix elements corresponding to l˜ → l′G˜V decay
Expressions for Oi,i, Orei,j , Oimi,8 (i < 8) and Oim8,j (j > 8), and the corresponding contributions to∫ ∫
ds13ds23
|M|2
m3
l˜
( using mG˜ ∼ m 32 ∼ V
−2mpl and ml˜ ∼ V
1
2m 3
2
from equations (B13) and (B21)) are
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given as under:
O1,1 = − 4
3m2
G˜
m2V
[
m2
G˜
m2
l˜
− (pG˜ · pl˜)2] [m2G˜ − pG˜ · pl˜ + pG˜ · pV ]
×
[
m2
G˜
m2V +m
2
l˜
m2V − 2m2V pG˜ · pl˜ −
(
pG˜ · pV
)2
+ 2pG˜ · pV pl˜ · pV −
(
pl˜ · pV
)2]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M1|2O1,1
m3
l˜
∼
(
f˜V− 1118
)2 V− 12Mp ∼ 10−16.5Mp;
O2,2 = − 4
3m2
G˜
m2V
[
m2
G˜
− pG˜ · pl˜ + pG˜ · pV
] [
m2
l˜
m2V −
(
pl˜ · pV
)2]
×
[
− (pG˜ · pl˜)2 + 2pG˜ · pl˜pG˜ · pV − (pG˜ · pV )2 +m2G˜ (m2l˜ +m2V − 2pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M2|2O2,2
m3
l˜
∼
(
f˜V−2
104
)2
V− 12Mp ∼ 10−21Mp;
O3,3 = 0;
O4,4 = 4
3m2
G˜
m2V
[
m2
G˜
m2V −
(
pG˜ · pV
)2]
×
[
m2
G˜
m2V −m2V pG˜ · pl˜ + 2
(
pG˜ · pV
)2
+ pG˜ · pV
(
3m2V − 2pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M4|2O4,4
m3
l˜
∼
(
10f˜V− 32
)2 V 59Mp ∼ 10−18Mp; (B1)
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O5,5 = − 4
3m2
G˜
[
m2
G˜
m2
l˜
− (pG˜ · pl˜)2]
×
[
m2
G˜
m2V −m2V pG˜ · pl˜ − 4
(
pG˜ · pV
)2
+ pG˜ · pV
(−3m2Z + 4pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M5|2O5,5
m3
l˜
∼
(
10f˜V− 1118
)2 V− 12Mp ∼ 10−16.5Mp;
O6,6 = − 4
3m2
G˜
[
m2
G˜
m2Z −
(
pG˜ · pV
)2]
×
[
m2
G˜
m2V −m2V pG˜ · pl˜ − 4
(
pG˜ · pV
)2
+ pG˜ · pV
(−3m2V + 4pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M6|2O6,6
m3
l˜
∼
(
10f˜V− 32
)2
V− 259 Mp ∼ 10−35Mp;
O7,7 = 4
3m2
G˜
m2V
[
m2
G˜
m2V −
(
pG˜ · pV
)2]
{
m4
G˜
m2V + 2m
2
G˜
(
pG˜ · pV
)2
+ 4pG˜ · p3V − pG˜ · pl˜
[
m2
G˜
m2V + 4
(
pG˜ · pV
)2]
−m2
G˜
pG˜ · pV
(
m2V − 2pl˜ · pV
)}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M7|2O7,7
m3
l˜
∼
(
10f˜V− 32
)2 V 89Mp ∼ 10−16.6Mp;
O8,8 = − 4
3m2
G˜
m2V
[
m2
G˜
− pG˜ · pl˜ + pG˜ · pV
] [
2m2
G˜
m2V +
(
pG˜ · pV
)2]
,
∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M8|2O8,8
m3
l˜
∼ 10−27.5Mp;
O9,9 = 4
3m2
G˜
m2V
[
2m2
G˜
m2V +
(
pG˜ · pV
)2]
×
[
m2
G˜
m2V −m2V pG˜ · pl˜ − 2
(
pG˜ · pV
)2 − pG˜ · pV (m2V − 2pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M9|2O9,9
m3
l˜
∼
(
10f˜V− 32
)2
V 59Mp ∼ 10−18Mp;
O10,10 = 4
3m2
G˜
m2V
[
2m2
G˜
m2V +
(
pG˜ · pV
)2]
{
m4
G˜
m2V − 2m2G˜
(
pG˜ · pV
)2 − 4 (pG˜ · pV )3
+pG˜ · pl˜
[
−m2
G˜
m2V + 4
(
pG˜ · pV
)2]
+m2
G˜
pG˜ · pV
(
3m2V − 2pl˜ · pV
)}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
|M10|2O10,10
m3
l˜
∼
(
10f˜V− 32
)2 V 89Mp ∼ 10−16.6Mp; (B2)
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Ore1,2 =
8
3m2
G˜
m2V
[
m2
G˜
− pG˜ · pl˜ + pG˜ · pV
]
;
×
[
− (pG˜ · pl˜)2 + pG˜ · pl˜pG˜ · pV +m2G˜ (m2l˜ − pl˜ · pV )]
×
[
−m2
l˜
m2V +m
2
ZpG˜ · pl˜ − pG˜ · pV pl˜ · pV +
(
pl˜ · pV
)2]
,∫ 2m2
l˜
+m2V
m2
3/2
+m2V
ds13
∫ m2
l˜
m2V
ds23
Re (M1M2)Ore1,2
m3
l˜
∼ 10−26Mp;
Ore1,3 = Ore1,4 = 0 (B3)
Ore1,5 =
8
3m2
G˜
[
m2
G˜
m2
l˜
− (pG˜ · pl˜)2] [− (pG˜ · pV )2 +m2G˜ (m2V − pl˜ · pV )
+pG˜ · pV
(
−m2
l˜
+ pl˜ · pV
)
+ pG˜ · pl˜
(−m2V + pG˜ · pV + pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M1M5)Ore1,5
m3
l˜
∼ f˜2V− 119 − 12 ∼ 10−16.5Mp;
Ore1,6 = Ore1,7 = Ore1,8 = Ore1,9 = Ore1,10 = 0
Ore2,3 = Ore2,4 = 0 (B4)
Ore2,5 =
4
3m2
G˜
{(
pG˜ · pl˜
)2 [
m2
G˜
m2V + 2
(
m2
l˜
−m2V
)
pG˜ · pV
]
+2
(
pG˜ · pl˜
)3 (
m2V − pl˜ · pV
)− 2pG˜ · pl˜ [(pG˜ · pV )2 (m2l˜ − pl˜ · pV )
+m2
G˜
(
m2
l˜
− pl˜ · pV
) (
m2V − pl˜ · pV
)
+m2
G˜
pG˜ · pV pl˜ · pV
]
+m2
G˜
[
m2
l˜
(
pG˜ · pV
)2 − 2pG˜ · pV (m2l˜ − pl˜ · pV )2
+m2
G˜
(
−m2
l˜
m2V +
(
pl˜ · pV
)2)]}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M2M5)Ore2,5
m3
l˜
∼ 10−37Mp;
Ore2,6 = Ore2,7 = Ore2,8 = Ore2,9 = Ore2,10 = 0 (B5)
Ore3,4 = Ore3,5 = Ore3,6 = Ore3,7 = Ore3,8 = Ore3,9 = Ore3,10 = 0 (B6)
Ore4,5 = 0;
Ore4,6 =
8
mG˜
[
m2
G˜
m2V −
(
pG˜ · pV
)2] [
m2V + pG˜ · pV − pl˜ · pV
]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M6)Ore4,6
m3
l˜
∼ f˜2V− 6518Mp ∼ 10−42Mp;
Ore4,7 =
8
mG˜
[
m2
G˜
− pG˜ · pl˜ + pG˜ · pV
] [
m2
G˜
m2V −
(
pG˜ · pV
)2]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M7)Ore4,7
m3
l˜
∼
(
f˜V− 32
)
V− 289 Mp ∼ 10−36Mp; (B7)
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Ore4,8 =
8
3mG˜m
2
V
[
−m2V
(
m2
G˜
− 2pG˜ · pl˜
)
pG˜ · pV + pG˜ · p3V
+m2
G˜
m2V
(
m2V − pl˜ · pV
)− (pG˜ · pV )2 (m2V + pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M8)Ore4,8
m3
l˜
∼ 10−15Mp;
Ore4,9 =
8
3m2
G˜
m2V
[
m4
G˜
m4V +m
2
G˜
m4V pG˜ · pV +m2G˜m2V
(
pG˜ · pV
)2 − 2 (pG˜ · pV )4
−m2V pG˜ · pl˜
(
m2
G˜
m2V +
(
pG˜ · pV
)2)− (pG˜ · pV )3 (m2V − 2pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M9)Ore4,9
m3
l˜
∼
(
10f˜V− 32
)2 V 29Mp ∼ 10−20Mp;
Ore4,10 =
8
3mG˜
{
m4
G˜
m2V −m2G˜
(
pG˜ · pV
)2 − 3pG˜ · p3V + pG˜ · pl˜ [−m2G˜m2V + 3 (pG˜ · pV )2]
+m2
G˜
pG˜ · pV
(
3m2V − 2pl˜ · pV
)}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M4M10)Ore4,10
m3
l˜
∼
(
10f˜V− 32
)2 V− 289 Mp ∼ 10−24Mp;
Ore5,6 = Ore5,7 = Ore5,8 = Ore5,9 = Ore5,10 = 0
Ore6,7 =
8
3m2
G˜
[
m2
G˜
m2V −
(
pG˜ · pV
)2]
×
[(
3m2
G˜
− 2pG˜ · pl˜
)
pG˜ · pV + 2
(
pG˜ · pV
)2
+m2
G˜
(
m2V − pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M6M7)Ore6,7
m3
l˜
∼
(
10f˜V− 32
)2 V− 229 Mp ∼ 10−33Mp;
Ore6,8 = −
8
3m2
G˜
[
m4
G˜
m2V −m2G˜
(
pG˜ · pV
)2
+
(
pG˜ · pV
)3
−pG˜ · pl˜
(
m2
G˜
m2V +
(
pG˜ · pV
)2)−m2
G˜
pG˜ · pV
(
m2V − 2pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M6M8)Ore6,8
m3
l˜
∼ 10−27Mp;
Ore6,9 =
8
3mG˜
[
m2V
(
3m2
G˜
− 2pG˜ · pl˜
)
pG˜ · pV − 3
(
pG˜ · pV
)3
− (pG˜ · pV )2 (m2V − 3pl˜ · pV )+m2G˜m2V (m2V − pl˜ · pV )] ,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M6M9)Ore6,9
m3
l˜
∼
(
10f˜V− 32
)2
V− 319 Mp ∼ 10−38Mp; (B8)
98
Ore6,10 =
8
3m2
G˜
[
m4
G˜
m2V pG˜ · pV −
(
m2
G˜
− 2pG˜ · pl˜
) (
pG˜ · pV
)3 − 2 (pG˜ · pV )4
+m4
G˜
m2V
(
m2V − pl˜ · pV
)
+m2
G˜
(
pG˜ · pV
)2 (
m2V − pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M6M10)Ore6,10
m3
l˜
∼
(
10f˜V− 32
)2 V− 229 Mp ∼ 10−33Mp;
Ore7,8 =
8
3m2
G˜
m2V
[
m4
G˜
m2V pG˜ · pV −
(
m2
G˜
− 2pG˜ · pl˜
) (
pG˜ · pV
)3 − 2 (pG˜ · pV )4
+m4
G˜
m2V
(
m2V − pl˜ · pV
)
+m2
G˜
(
pG˜ · pV
)2 (
m2V − pl˜ · pV
)]
∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M7M8)Ore7,8
m3
l˜
∼ 10−17.5Mp;
Ore7,9 =
8
3mG˜
[
m4
G˜
m2V −m2G˜
(
pG˜ · pV
)2
+
(
pG˜ · pV
)3
−pG˜ · pl˜
(
m2
G˜
m2V +
(
pG˜ · pV
)2)−m2
G˜
pG˜ · pV
(
m2V − 2pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M7M9)Ore7,9
m3
l˜
∼
(
10f˜V− 32
)2 V− 289 Mp ∼ 10−24Mp;
Ore7,10 =
8
3m2
G˜
m2Z
{
m6
G˜
m4V +m
4
G˜
m4V pG˜ · pV +m4G˜m2V
(
pG˜ · pV
)2
−2m2
G˜
(
pG˜ · pV
)4 − 4 (pG˜ · pV )5
−pG˜ · pl˜
[
m4
G˜
m4V +m
2
G˜
m2V
(
pG˜ · pV
)2 − 4 (pG˜ · pV )4]
+m2
G˜
(
pG˜ · pV
)3 (
3m2V − 2pl˜ · pV
)}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M7M10)Ore7,10
m3
l˜
∼
(
10f˜V− 32
)2 V 89Mp ∼ 10−16.6Mp;
Ore8,9 =
8
3mG˜m
2
V
[
2m2
G˜
m2V +
(
pG˜ · pV
)2] [
m2V + pG˜ · pV − pl˜ · pV
]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M8M9)Ore8,9
m3
l˜
∼ 10−25.5Mp;
Ore8,10 =
8
3m2
G˜
m2V
[
2m2
G˜
m2V +
(
pG˜ · pV
)2]
×
[
−
(
m2
G˜
− 2pG˜ · pl˜
)
pG˜ · pV − 2
(
pG˜ · pV
)2
+m2
G˜
(
m2V − pl˜ · pV
)]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M8M10)Ore8,10
m3
l˜
∼ 10−18.5Mp;
Ore9,10 =
8
3mG˜
[
m2
G˜
− pG˜ · pl˜ + pG˜ · pV
] [
2m2
G˜
m2V +
(
pG˜ · pV
)2]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
Re (M9M10)Ore9,10
m3
l˜
∼
(
10f˜V− 32
)2 V− 289 Mp ∼ 10−24Mp;
(B9)
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Oim1,8 = −
8
3m2
G˜
m2V
(m2
G˜
− pG˜ · pl˜ + pG˜ · pV )
{[
m2
l˜
m2V − (pl˜ · pV )2 + (pG˜ · pV )(pl˜ · pV )
]
m2
G˜
−m2V (pG˜ · pl˜)2 + (pG˜ · pl˜)(pG˜ · pV )(pl˜ · pV − pG˜ · pV )
}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
ℑm (M1M∗8)Oim1,8
m3
l˜
∼ 10−44Mp;
Oim2,8 = −
8
3m2
G˜
m2V
(m2
G˜
− pG˜ · pl˜ + pG˜ · pV )
[
(m2
l˜
m2V − (pl˜ · pV )2)m2G˜ −m2V (pG˜ · pl˜)2
−(pG˜ · pV )2pl˜ · pV + (pG˜ · pl˜)(pG˜ · pV )(m2V + pl˜ · pV )
]
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
ℑm (M2M∗8)Oim1,8
m3
l˜
∼ 10−33Mp;
Oim3,8 = Oim4,8 = 0
Oim5,8 =
8
3m2
G˜
{
(pG˜ · pl˜ −m2G˜)pl˜ · pVm2G˜ − pG˜ · pl˜(pG˜ · pV )2
+pG˜ · pV
[
pG˜ · pl˜m2G˜ + (pl˜ · pV − 2m2l˜ )m2G˜ + (pG˜ · pl˜)2
]}
,∫ 2m2
l˜
m2
3/2
ds13
∫ m2
l˜
m2V
ds23
ℑm (M5M∗8)Oim5,8
m3
l˜
∼ 10−38Mp;
Oim6,8 = Oim7,8 = Oim8,9 = Oim8,10 = 0 . (B10)
E KTBT¯B, the Massive Gauge Boson mass and Soft SUSY Parameters
Miscellania
The relevant term in the N = 1 SUGRA action of [12], assuming that for multiple D7-brane stacks,
the non-abelian killing isometry of the moduli space gets identified with the SM gauge group, the mass
squared of the W/Z-bosons are given by: gTB T¯B
(
XTB
)2
. Now,
GTB T¯B ∼
1√
TB + T¯B −CIJ¯aI a¯J¯ − µ3l2V
1
18Σ
−
3
(
TB + T¯B − CIJ¯aI a¯J¯ − µ3l2V
1
18
)
Σ2
, (B1)
where Σ ≡
(
TB + T¯B − CIJ¯aI a¯J¯ − µ3l2V
1
18
) 3
2 −
(
TB + T¯B − µ3l2V 118
) 3
2
+
∑
β n
0
β(...). So, to get a
mass of 90GeV or so at the EW scale, one needs to show that (B1) can RG-flow down to the required
very small value of the square of the same; lets call this small value as GEW
TB T¯B
∼ 10−20. This would
imply the following relation between TB ≡ TB + T¯B − CIJ¯aI a¯J¯ − µ3l2V
1
18 and Σ:
1√TB
− 3TB
Σ2
= GEWTB T¯B
or : Σ2 − Σ
δ
√TB
+
3TB
Σ
= 0, (B2)
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whose valid solution is given by:
Σ =
1
2
(
1
GEW
TB T¯B
√TB
−
√
1− 12TB
GEW
TB T¯B
)
≈ 3T
3
2
B + 9T
7
2
B G
EW
TB T¯B
+O(GEWTB T¯B
2). (B3)
The above is equivalent to:
TB(EW ) ∼ 0.6V
2
3 , (B4)
which can be satisfied, e.g., if
〈aI〉(EW ) ∼ 1O(1) 〈aI〉(MS). (B5)
Now,
∂aIGTB T¯B ∼ −
CIJ¯ a¯
J¯
2T
3
2
B Σ
− 9CIJ¯ a¯
J¯
2Σ2
+ 9
T
3
2
B CIJ¯ a¯
J¯
Σ3
. (B6)
Similarly
∂ziGTB T¯B ∼ −
µ3l
2z¯j¯
2T
3
2
B Σ
− 9µ3l
2z¯j¯
2Σ2
+ 9
T
3
2
B µ3l
2z¯j¯
Σ3
. (B7)
Therefore,
∂¯a¯K¯∂aIGTB T¯B ∼
CIK¯
2T
3
2
B Σ
+
3
4
CIJ¯ a¯
J¯CLK¯a
L
T
5
2
B
+
9
4
CIJ¯ a¯
J¯CLK¯a
L
Σ2TB −
9CIK¯
2Σ2
+
27
2
CIJ¯ a¯
J¯CLK¯a
L
√TB
Σ3
+
9CIK¯T
3
2
B
Σ3
−81
2
T 2BCIJ¯ a¯J¯CLK¯aL
Σ4
+
27
2
√TBCIJ¯ a¯J¯CLK¯aL
Σ3
. (B8)
Now, for I = K = a1, CLa¯1〈aL〉(MS) ∼ V
8
9 ; which because of (B5), implies that at the EW scale,
∂¯a¯K¯∂aIGTB T¯B
∣∣∣∣∣
Σ(EW )∼3T
3
2
B (EW ),TB(EW )∼0.6V
2
3
∼ V− 89 . (B9)
Similarly
∂¯z¯k¯∂ziGTB T¯B ∼
µ3l
2
2T
3
2
B Σ
+
3
4
(µ3l
2)2z¯j¯zl
T
5
2
B
+
9
4
(µ3l
2)2z¯j¯zl
Σ2
√TB
− µ3l
2
Σ2
+
27
2
(µ3l
2)2z¯j¯zL
Σ2TB −
T
3
2
B µ3l
2
Σ3
+9
T
3
2
B µ3l
2
Σ3
− 81
2
T 2B(µ3l2)2z¯j¯zl
Σ4
+
27
2
√TB(µ3l2)2z¯j¯zl
Σ3
(B10)
Now, for i = k = z1, at the EW scale will be
∂¯z¯k¯∂ziGTB T¯B
∣∣∣∣∣
TB(EW )∼0.6V
2
3
∼ µ3l
2
2T
3
2
B Σ
∣∣∣∣∣
TB(EW )∼0.6V
2
3
∼ V−2. (B11)
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We will briefly describe evaluation of various soft supersymmetry breaking parameters in our
current setup involving fourWilson line moduli. To begin with, in order to evaluate the gaugino masses,
one needs to evaluate the bulk F -terms which in turn entails evaluating the bulk metric. Writing the
Ka¨hler sector of the Ka¨hler potential as: K ∼ −2ln
[
(σB + σ¯B − γKgeom)
3
2 − (σS + σ¯S − γKrmgeom)
3
2
+
∑
β∈H−2 (CY3) n
0
β
∑
(n,m) cos
(
ink · (G− G¯)gs +mk · (G+ G¯)
)]
, and working near
sin
(
ink · (G− G¯)gs +mk · (G+ G¯)
)
= 0 - corresponding to a local minimum - generates the following
components of the bulk metric: Gmn¯ ∼

V− 3736 V− 5936 0 0
V− 5936 V− 43 0 0
0 0 O(1) O(1)
0 0 O(1) O(1)
 , which therefore produces
the following inverse: Gmn¯ ∼

V 3736 V 1318 0 0
V 1318 V 43 0 0
0 0 O(1) O(1)
0 0 O(1) O(1)
. Given that bulk F -terms are defined as:
Fm = e
K
2 Gmn¯Dn¯W¯ , one obtains:
F σS ∼ V−n
s
2
+ 1
36M2p , F
σB ∼ V−n
s
2
− 5
18M2p , F
Ga ∼ V−n
s
2
−1M2p , (B12)
implying that the gaugino mass is:
mg˜ =
Fm∂mTB
ReTB
<∼ V 23m3/2, (B13)
where the gravitino mass, m3/2 ∼ V−
ns
2
−1Mp.
To calculate the mixed double derivatives of the Ka¨hler potential (23) with respect to (29), we use
(30) and:
∂ziK ∼
√TBµ3l2zi
Σ
−
√TSµ3l2zi
Σ
,
∂zi ∂¯z¯jK ∼
µ23l
4zizj√TBΣ
−
√TB
√TSµ23zizj
Σ2
+
√TBµ3δij
Σ
,
∂zi ∂¯a¯IK ∼
µ3l
2CJI¯aJ
Σ
√TB
−
√TB
√TSµ3l2ziCJI¯aJ
Σ2
+
√TS
√TBCJI¯aJ
Σ2
;
∂aIK ∼
√TBCIJ¯aJ¯
Σ
,
∂aI ∂¯a¯JK ∼
CIK¯ a¯K¯C
LJ¯aL
Σ
√TB
− TBC
IK¯ a¯K¯C
LJ¯aL
Σ2
−
√TBCIJ¯
Σ
, (B14)
we see that:
∂Zi ∂¯Z¯jK =
∂zk
∂Zi
∂¯z¯l
∂¯Z¯j
∂zk ∂¯z¯lK +
∂aI
∂Zi
∂¯a¯J
∂¯Z¯j
∂aI ∂¯a¯JK +
∂aI
∂Zi
∂¯z¯l
∂¯Z¯j
∂aI ∂¯z¯lK +
∂zl
∂Zi
∂¯a¯J
∂¯Z¯j
∂zl ∂¯a¯JK
∼
√TBµ3l2
Σ
∼ V− 23 , (B15)
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implying:
∂σB
(
∂Zi ∂¯Z¯jK
)
∼ TBµ3l
2
Σ2
∼ V− 43 ,
∂σB ∂¯σB
(
∂Zi ∂¯Z¯jK
)
∼ V−2µ3l2,
∂σB ∂¯σ¯S
(
∂Zi ∂¯Z¯jK
)
∼ V− 4336µ3l2,
∂σS ∂¯σ¯S
(
∂Zi ∂¯Z¯jK
)
∼ V− 1112µ3l2,
∂Ga ∂¯σB,S
(
∂Zi ∂¯Z¯jK
)∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
= 0,
∂Ga ∂¯G¯b
(
∂Zi ∂¯Z¯jK
)∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
∼ V− 23 . (B16)
From (B12) and (B16), one obtains:
|F σS |2∂σS ∂¯σ¯S ln
(
∂Zi ∂¯Z¯jK
)
∼ V− 8536 ,
|F σB |2∂σB ∂¯σ¯B ln
(
∂Zi ∂¯Z¯jK
)
∼ V− 359 ,
F σS F¯ σ¯B∂σS ∂¯σ¯B ln
(
∂Zi ∂¯Z¯jK
)
∼ V− 5918 ,
FG
a
F¯ G¯
b
∂Ga ∂¯G¯b ln
(
∂Zi ∂¯Z¯jK
)∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
∼ V−4, (B17)
implying that
mZi ∼ V
59
72m3/2. (B18)
Similarly, utilizing:
∂A1 ∂¯A¯1K =
∂aI
∂A1
∂¯a¯J
∂¯A¯1
∂aI ∂¯a¯JK +
∂aI
∂A1
∂¯z¯j
∂¯A¯1
∂aI ∂¯z¯jK +
∂zi
∂A1
∂¯a¯J
∂¯A¯1
∂zi ∂¯a¯JK +
∂zi
∂A1
∂¯z¯j
∂¯A¯1
∂zi ∂¯z¯jK
∼ V
10
9
√TB
Σ
, (B19)
along with:
|F σS |2∂σS ∂¯σ¯S ln
(
∂A1 ∂¯A¯1K
) ∼ V− 10736 ,
|F σB |2∂σB ∂¯σ¯B ln
(
∂A1 ∂¯A¯2K
) ∼ V− 359 ,
F σS F¯ σ¯B∂σS ∂¯σ¯B ln
(
∂A1 ∂¯A¯2K
) ∼ V− 359 ,
FG
a
F¯ G¯
b
∂Ga ∂¯G¯b ln
(
∂Zi ∂¯Z¯jK
)∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
∼ V−4, (B20)
yields:
mA1 ∼
√
Vm3/2. (B21)
103
Due to the logarithmic derivatives in the definition of the open moduli masses, in fact, one can show
that there is a universality in the open moduli masses and that mAI ∼
√Vm3/2.
We now show that the universality in the trilinear A-couplings that was seen in the case of the
D3-brane position moduli and a single Wilson line modulus in [9], is preserved even for the current
four-Wilson-line moduli setup.
Using,
AIJK = Fm
(
∂mK + ∂mlnYIJK + ∂mln
(
KII¯KJ J¯KKK¯
))
, (B22)
and noting:
Fm∂mK ∼ V− 3518 ,
Fm∂mlnYZiZjZk
∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
∼ V− 3536 ,
Fm∂mln
(
KZiZ¯iKZjZ¯jKZkZ¯k
)∣∣∣∣∣
sin(ink·(G−G¯)gs+mk·(G+G¯))=0
∼ V− 43 ,
Fm∂mlnKA1A¯1 = F
m∂mlnKA2A¯2 = F
m∂mlnKA3A¯3 = V−2, (B23)
one sees that one obtains a universal trilinear A-coupling:
AIJK ∼ V
37
36m3/2 ∼ µˆZ1Z2 . (B24)
One can show that
µˆZ1Z2 =
e
K
2 µZ1Z2√
KZ1Z¯1KZ2Z¯2
∼ V 1918m3/2. (B25)
Further,
(µˆB)Z1Z2 =
e−iarg(W )+
K
2√
KZ1Z¯1KZ2Z¯2
Fm
(
∂mKµZ1Z2 + ∂mµZ1Z2 − µZ1Z2∂mln
(
KZ1Z¯1KZ2Z¯2
))
∼ µˆZ1Z2
(
Fm∂mK + F
σS − Fm∂mln
(
KZ1Z¯1KZ2Z¯2
))
∼ V 1918+ 3736m23/2 ∼ µˆ2Z1Z2 , (B26)
an observation which was very useful in obtaining a light Higgs of mass 125GeV for a two Wilson line
moduli set up of [11] - a conclusion which is still true using the same as shown below.
The Higgs masses after soft supersymmetry breaking is given by (m2Zi + µˆ
2
Zi
)1/2 (where mz’s cor-
respond to mobile D3- Brane position moduli masses (to be identified with soft Higgs scalar mass pa-
rameter)) and the Higgsino mass is given by µˆZi . Had the supersymmetry been unbroken, Higgs(sino)
masses would have had been degenerate with coefficient µˆZi . Nevertheless we have defined SUSY
breaking but we are still justified to use RG flow equation’ solutions because µˆZi >> mZi . However,
due to lack of universality in moduli masses but universality in trilinear Aijk couplings, we need to
use solution of RG flow equation for moduli masses as given in [43].
m2Z1(t) = m
2
o(1 + δ1) +m
2
1/2g(t) +
3
5
S0p, (B27)
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where
S0 = Tr(Y m
2) = m2Z2 −m2Z1 +
ng∑
i=1
(m2q˜L − 2m2u˜R +m2d˜R −m
2
l˜L
+m2e˜R) (B28)
in which all the masses are at the string scale and ng is the number of generations. p is defined by
p = 566 [1− ( α˜1(t)α˜1(Ms))] where α˜1 ≡ g21/(4π)2 and g1 is the U(1)Y gauge coupling constant. Further,
m2Z2(t) = m
2
0∆Z2 +m
2
1/2e(t) +Aom1/2f(t) +m
2
oh(t) − k(t)A2o −
3
5
S0p (B29)
where ∆Z2 is given by
∆Z2 =
(D0 − 1)
2
(δ2 + δ3 + δ4) + δ2;D0 = 1− 6YtF (t)
E(t)
(B30)
Here Yt ≡ Yˆ 2t (Ms)/(4π)2 where Yˆt(Ms) is the physical top Yukawa coupling at the string scale which
following [44] will be set to 0.08, and
E(t) = (1 + β3t)
16
3b3 (1 + β2t)
3
b2 (1 + β1t)
13
9b1 (B31)
In equation (B31) βi ≡ αi(Ms)bi/4π (α1 = (5/3)αY ), bi are the one loop beta function coefficients
defined by (b1, b2, b3) = (33/5, 1,−3), and F (t) =
∫ t
0 E(t)dt.
In the dilute flux approximation, g21(MS) = g
2
2(MS) = g
2
3(MS). To ensure E(t) ∈ R, the SU(3)-
valued 1 + β3t > 0, which for t = 57 implies that g
2
3(Ms) <
(4π)2
3×57 ∼ O(1). Hence, g23(Ms) = 0.4 is
what we will be using (See [11]).From (B27), the previous results in this appendix, one sees that:
m2Z1(MEW ) ∼ m2Z1(Ms) + (0.39)V
4
3m23/2 +
1
22
× 19π
100
× S0, (B32)
and
m2Z2(MEW ) ∼ (0.32)V
4
3m23/2 + (−0.03)nsµˆZ1Z2V
2
3m3/2 + (0.96)m
2
0 − (0.01)(ns)2µˆZ1Z2 −
19π
2200
× S0,
(B33)
where we used AZiZiZi ∼ nsµˆZ1Z2 (B24). The solution for RG flow equation for µˆ2 to one loop order
is given by [43]:
µˆ2ZiZi = −
[
m20C1 +A
2
0C2 +m
2
1
2
C3 +m 1
2
A0C4 − 1
2
M2Z +
19π
2200
(
tan2β + 1
tan2β − 1
)
S0
]
, (B34)
wherein
C1 =
1
tan2β − 1(1−
3D0 − 1
2
tan2β) +
1
tan2β − 1
(
δ1 − δ2tan2β − D0 − 1
2
(δ2 + δ3 + δ4)tan
2β
)
;
C2 = − tan
2β
tan2β − 1k(t);C3 = −
1
tan2β − 1
(
g(t)− tan2βe(t)) ; C4 = − tan2β
tan2β − 1f(t), (B35)
and where the functions e(t), f(t), g(t), k(t) are as defined in the appendix of [11]. In the large tanβ
(but less than 50)-limit and assuming δ1 = δ2 = 0, one sees that:
µˆ2Z1Z2 ∼ −
[
−m20 − (0.01)(ns)2µˆ2Z1Z2 + (0.32)V
4
3m23/2 − 1/2M2EW + (0.03)V
2
3nsµˆZ1Z2m3/2 +
19π
2200
S0
]
.
(B36)
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From (B33) and (B36) one therefore sees that the mass-squared of one of the two Higgs doublets,
m2H2 , at the EW scale is given by:
m2H2 = m
2
Z2 + µˆ
2
ZiZi = 2m
2
0 − (0.06)V
2
3nsµˆZ1Z2m3/2 +
1
2
M2EW −
19π
1100
S0. (B37)
From [9], we notice:
V 23 µˆZ1Z2m3/2 ∼ m20, (B38)
using which in (B37), one sees that for an O(1) ns,
m2H2(MEW ) ∼ 1.94m20 +
1
2
M2EW −
19π
1100
S0 (B39)
We have assumed at m2Z2(Ms) ∼ m20 (implying δ2 = 0 but δ1,3,4 6= 0). Further,
m2H1(MEW ) =
(
m2Z1 + µˆ
2
Z1Z2
)
(MEW ) ∼ m2Z1(Ms)(1 + δ1) +
1
2
M2EW +m
2
0 − (0.03)V
2
3nsµˆZ1Z2m3/2
+(0.01)(ns)2µˆ2Z1Z2 ∼ (1.97 + δ1)m20 +
1
2
M2EW + (0.01)(n
s)2µˆ2Z1Z2 (B40)
By assuming (µˆB)Z1Z2 ∼ µˆ2Z1Z2 - see (B26) - to be valid at the string and EW scales, the Higgs mass
matrix at the EW -scale can thus be expressed as:(
m2H1 µˆB
µˆB m2H2
)
∼
(
m2H1 ξµˆ
2
ξµˆ2 m2H2
)
, (B41)
ξ being an appropriately chosen O(1) constant - see (B45). The eigenvalues are given by:
1
2
(
m2H1 +m
2
H2 ±
√(
m2H1 −m2H1
)2
+ 4ξ2µˆ4
)
. (B42)
As (for O(1) ns)
m2H1 +m
2
H2 ∼ (3.91 + δ1)m20 − 0.06S0 + ...
m2H1 −m2H2 ∼ (0.03 + δ1)m20 + 0.06S0 + ...,
µˆ2Z1Z2 ∼ 0.97m20 − 0.03S0 + ... (B43)
one sees that the eigenvalues are:
(3.91 + δ1)m
2
0 − 0.06S0 + .... ±
√(
(0.03 + δ1)m20 + 0.06S0 + ...
)2
+ ξ2
(
1.94m20 − 0.06S0
)2
.
(B44)
Hence, assuming non universality w.r.t. to both D3-brane position moduli masses (mZ1,2) and
squark/slepton masses, if S0 and ξ are fine tuned as follows:
(0.03 + δ1)m
2
0 ∼ −0.06S0 and ξ ∼ 2 +
1
8
m2EW
m20
, (B45)
one sees that one obtains one light Higgs doublet (corresponding to the negative sign of the square
root) and one heavy Higgs doublet (corresponding to the positive sign of the square root). Note,
however, the squared Higgsino mass parameter µˆZ1Z2 then turns out to be heavy with a value, at the
EW scale of around 0.01Vm3/2 i.e to the order of squark/slepton mass squared scale which is possible
in case of µ split SUSY scenario discussed above. This shows the possibility of realizing µ split SUSY
scenario in the context of LVS phenomenology named as large volume “µ-split SUSY” scenario.
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